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Abstract
We construct a generic model of Majorana fermionic dark matter (DM). Starting with
two Weyl spinor multiplets η1,2 ∼ (I,∓Y ) coupled to the Standard Model (SM) Higgs, six
additional Weyl spinor multiplets with (I±1/2,±(Y ±1/2)) are needed in general. It has 13
parameters in total, five mass parameters and eight Yukawa couplings. The DM sector of the
minimal supersymmetric standard model (MSSM) is a special case of the model with (I, Y ) =
(1/2, 1/2). Therefore, this model can be viewed as an extension of the neutralino DM sector.
We consider three typical cases: the neutralino-like, the reduced and the extended cases. For
each case, we survey the DM massmχ in the range of (1, 2500) GeV by random sampling from
the model parameter space and study the constraints from the observed DM relic density, the
direct search of LUX, XENON100 and PICO experiments, and the indirect search of Fermi-
LAT data. We investigate the interplay of these constraints and the differences among these
cases. It is found that the direct detection of spin-independent DM scattering off nuclei and
the indirect detection of DM annihilation to W+W− channel are more sensitive to the DM
searches in the near future. The allowed mass for finding H˜-, B˜-, W˜ - and non neutralino-like






















It has been more than eighty years since the first evidence of dark matter (DM) was observed
by Fritz Zwicky [1]. So for, all the astrophysical and cosmological observations of DM evidence
show that DM exists everywhere no matter whether it is from the galactic scale [2–4], the scale
of galaxy clusters [5, 6] or the cosmological scale [7, 8]. Even though DM contains about 85%
for the total mass in the universe [9, 10], we still do not know much about its nature. A leading
class of DM candidates is the so-called weakly interacting massive particles (WIMPs) [11, 12]
which are non-luminous and non-baryonic cold DM (CDM) matter. The WIMPs are assumed
to be created thermally during the big bang, and froze out of thermal equilibrium escaping the
Boltzmann suppression in the early universe. The DM relic density is approximately related to the
velocity averaged DM annihilation cross section by a simple relation [13].
Ωχh
2 ≈ 0.1pb× c
< σv >
. (1)
On the other hand, the recent measured value of CDM relic density is [14]
Ωobsχ h
2 = 0.1198± 0.0026. (2)
It suggests the case of DM with mass in the range of 100 GeV to few TeV and an electroweak size
interaction. That is the so-called WIMP miracle.
The searches of DM particles in experiments have made much progress in recent years. Several
complementary searching strategies have been continuously executed including the direct detection
of DM-nucleus scattering in underground laboratories, the indirect detection of DM annihilation
processes in astrophysical observation (see [15] for a brief review) and the DM direct production at
colliders [16–18]. The null results of finding the DM from LUX [19], XENON100 [20], PICO [21, 22]
and Fermi-LAT [23] experiments put the related upper limits on spin-independent (SI) [24, 25],
spin-dependent (SD) [26, 27] DM-nucleus scattering cross sections and the velocity averaged DM
annihilation cross sections respectively. Except working on the well-known models such as the
minimal supersymmetric models (MSSM) directly [13, 28–30], analyzing in the model-independent
research with the effective operators of dark matter coupled to standard model (SM) particles [31–
33] is a way to search the properties of DM due to the little-known nature of DM. Some authors
also constructed models that the DM couples to the SM particles via a mediator, see for example,
Higgs portal models [34–38], 2HDM portal models [39, 40], fermion portal models [41], dark Z
′
portal [42], left-right model [43, 44] and so on.
In the DM-nucleus elastic scattering the DM is highly nonrelativistic. Basically only the scalar-
scalar (SS), vector-vector (VV), axial vector-axial vector (AA) and tensor-tensor (TT) DM-quark
interactions are non-vanishing [31]. 1 In Ref. [45], one of author (CKC) studied pure weak eigenstate
Dirac fermionic dark matter with renormalizable interaction. It is well known that a Dirac fermionic
DM particle, without a special choice of quantum number, usually gives an oversized SI DM-nucleus
cross section through VV-interaction from the Z-exchange diagram. To accommodate the bounds
from direct searches, the quantum number of DM is determined to be I3 = Y = 0. There are only
1 We will return to this point and take a closer look in Sec. II C.
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two possible cases: either the DM has non-vanishing weak isospin (I 6= 0) but with I3 = Y = 0 or it
is an isosinglet (I = 0) with Y = 0. In the first case, it is possible to have a sizable χχ¯→W+W−
cross section, which is comparable to the latest bounds from indirect searches. There is no tree level
diagram in DM-nucleus elastic scattering. It successfully evades the SI bounds, but it pays the price
of detectability in direct search. In the second case, to couple DM to the SM particles, a SM-singlet
vector mediator X is required from the renormalizability and the SM gauge quantum numbers.
The allowed parameter space and the consequences were studied. To satisfy the latest bounds of
direct searches and to reproduce the DM relic density at the same time, resonant enhancement via
the X-pole in the DM annihilation diagram is needed. Thus, the masses of DM and the mediator
are related. It is arguable that the phenomenology of Dirac fermionic DM is not very rich.
The Majorana DM can naturally evade the dangerous Z-exchange diagram from the V V in-
teraction and can have rich phenomenology. A well known example is the lightest neutralino in
MSSM [13, 28]. In this work, we construct a generic class of Majorana fermionic DM models having
arbitrary weak isospin quantum number. As we shall see the MSSM DM sector is a special case in
this model, therefore, this model can be viewed as an extension of the neutralino DM sector. We
consider three typical cases: the neutralino-like, the reduced and the extended cases. Note that a
somewhat related study to the reduced case has been given in Ref. [46].
This paper is organized as follows. In Sec. II we construct a generic model of Majorana fermionic
DM and give the formulas for the DM annihilation to the SM particles as well as DM-nucleus elastic
scattering. We give the results of the neutralino-like, the reduced and the extended cases in Sec. III.
We discuss the coannihilation and give the conclusions in Sec. IV. We present explicitly the relevant
Lagrangian of the WIMP mass term in Appendix A. The 4-component Majorana and Dirac mass
eigenstates for neutral and single charged WIMPs are constructed respectively in Appendix B. We
present the Lagrangian of WIMPs interacting with the SM particles in Appendix C, give the matrix
elements of DM annihilation to the SM particles in Appendix D, and show that the Lagrangian
is CP conserved in Appendix E. The formulas used in DM-nucleus elastic scattering are derived
in Appendix F. The formulation and the corresponding matrix elements for WIMP coannihilation
are given in Appendices G and H, respectively.
II. FORMALISM
A. A Generic Model of Majorana Fermionic Dark Matter
Starting with the SM, we add two Z2-odd, 2-component Weyl spinor multiplets η1,2 ∼ (2I +
1,∓Y ) under SUL(2)×U(1)Y and all SM particles are assigned to be Z2 even. The introducing of
Z2 symmetry assures the stability of DM. Without loss of generality we take Y ≥ 0. A mass term
can be constructed as




2I + 1〈II; 00|Ii, Ij〉 (4)
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proportional to the Clebsch-Gordan coefficient and i, j = −I, . . . , I. This is actually a Dirac
particle multiplet. The reason is explained below. We define
ξi ≡ ηi2, η¯i ≡ λij η¯j1, (5)
















1 = Uij η¯
j , (7)





lj = Uij . (8)
Hence the transform of (2I + 1)-multiplet of Dirac fields in ψ under SU(2) is
ψ′i = Uijψj , (9)
and the above mass term is simply
− Lm = µψ¯ψ. (10)
The component ψ−Y with neutral charge could be a dark matter candidate. But in the I 6= 0
and Y 6= 0 case, ψ−Y will induce a sizable SI-scattering cross section via Z-boson exchange (∼
10−39cm2) [45], which is ruled out by the present direct search data [19]. To clarify the situation,
we switch back to the η1,2 basis. By diagonalizing the mass matrix, we find that there are two
neutral Majorana degenerate states χ1,2 ∝ (η1 ± η2)/
√
2 with mass |µλY,−Y | = µ. Both of them
can be dark matter, since their masses are degenerate. The dangerous Z-boson exchange diagram
is from the χ1 → χ2 vector current (the χi → χi current can only be an axial one). The above
situation can be avoided, if one lift the mass degeneracy of χ1,2. To do so, we enlarge the mass
matrix. The Z2-odd WIMPs, η1,2, can mix with additional Z2-odd WIMPs in the presence of
the Higgs field φ [with quantum number (2, 1/2)] and obtain new mass term after spontaneous
symmetry breaking (SSB). We consider all possible combinations of renormalizable interactions
with η1,2 coupled to the Higgs field:
(i)φ× η1 × [new], (ii)φ× η2 × [new], (iii) φ˜× η1 × [new], (iv) φ˜× η2 × [new], (11)
where φ˜i ≡ ijφ∗j with ij = λij for I = 1/2 (i.e. ij = −ji and 1/2,−1/2 = 1). The allowed
quantum numbers of these new particles are given in Table. I.
2 This can be seen from −(~I)∗ij = (−)−i(~I)−i,−j(−)j = [(−)I−iδ−i,k](~I)kl[(−)−I+jδl,−j ] and λij =
(−)−I+iδi,−j , i.e. −(~I)∗ij = λ−1ik (~I)klλlj .
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[new] SU(2)(Iη) UY (1) type couples with
η3 I − 1/2 −(Y − 12) (iv) φ˜× η2, η4
η4 I − 1/2 Y − 12 (i) φ× η1, η3
η5 I + 1/2 −(Y − 12) (iv) φ˜× η2, η6
η6 I + 1/2 Y − 12 (i) φ× η1, η5
η7 I − 1/2 −(Y + 12) (ii) φ× η2, η8
η8 I − 1/2 Y + 12 (iii) φ˜× η1, η7
η9 I + 1/2 −(Y + 12) (ii) φ× η2, η10
η10 I + 1/2 Y +
1
2 (iii) φ˜× η1, η9
TABLE I: Summary of the eight types of additional multiplets induced by the 4 general
types of couplings involving the Higgs field and η1,2.


















































































































































Note that the imposed Z2 symmetry can protect the DM against decays. Otherwise, DM can
decay through, for example, the lepton number violation term and become unstable. Eq. (12) can
be used as a building block to built other multiplets. In principle, one can replace η1,2 by the
induced fields in Eq. (11) and involve additional fields. For simplicity, we do not do it here. In
fact, a more complicated case can be readily generated by using the present case as a module.










ξi(p) ≡ ηi2p, η¯i(p) ≡ λpij η¯j2p−1, (16)








































































{g2p−1[λpijk(λp)−1kl ]φiψ¯l(p)Rψj(1)L + g2p[λpijk(λ1)−1jl ]φ˜iψ¯l(1)Rψk(p)L}+ h.c.. (20)
After SSB, the above Lagrangian will generate the mixing in these Dirac fields. We still do not
have any Majorana particle.
The MSSM case can shed some light on this issue. In fact, the relevant MSSM multiplet
corresponds to
I = Y =
1
2
, η1,2 = H˜1,2, η3, η4 ∝ B˜, η5, η6 ∝ W˜ , without η7,8,9,10. (21)
The Majorana particles can only enter when Y = 1/2, where the quantum numbers of η3(5) and







, η3 = sign(µ2)(−1)nη4, η5 = sign(µ3)(−1)n+1η6, (22)
and µ2,3 change to µ2,3/2, which we will stick to this throughout this work. Note that the additional
signs in the relations of η3,4 and η5,6 are designed to absorb the signs of the corresponding Majorana
mass terms (µ2,3, see Eq. (24) below).
The Lagrangian for neutral WIMP mass term is















































































































































10 + h.c.. (23)
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It can be simplified as













































































10 + h.c.. (24)





















Ψ0TYΨ0 + h.c., (25)
where the corresponding mass matrix Y takes the form









































0 0 0 (−1)n+1µ4 0 0
(−1)n+1g8v√n√
2(n+1)















In parallel with the neutralino sector in MSSM, we work the model with I = Y = 1/2 and the
Lagrangian for the neutral WIMP mass term must be modified as in Appendix A. Note that the
sign convention of Clebsch-Gordan coefficient is different from those usually used in quantum field
theory. For example we usually use pi± = (pi1 ∓ ipi2)/
√
2, while the Clebsch-Gordan convention is
pi± = ∓(pi1 ∓ ipi2)/
√
2. Comparing to MSSM, we then have the following correspondences:
η1 = H˜1, η2 = H˜2, η3 = −iλ′, η±,05 = −i(∓λ±, λ3),
g3v =
√
2mZ cosβ sin θW , g4v =
√
2mZ sinβ sin θW ,
g5v =
√
2mZ cosβ cos θW , g6v =
√
2mZ sinβ cos θW ,
µ4 = µ5 = 0, g7,8,9,10 = 0, (27)
where the additional sign in front of λ+ is to absorb the sign from the Clebsch-Gordan sign
convention.
When diagonalizing the mass matrix in Eq. (26) and producing nonnegative mass eigenvalues,
one sometimes needs to absorb a negative sign resulting in purely imaginary matrix elements in
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the transition matrix. On the other hand, one should note that all parameters in the Lagrangian
are assumed to be real before transforming the gauge eigenstates to mass eigenstates in this model.
The whole Lagrangian in this model is then CP conserved. As noted after field redefinition, some
couplings become purely imaginary. However, the whole Lagrangian should still be CP conserved
(see Appendix E).
The Lagrangian for single charged WIMP mass term is















µ2(−1)n+1(η14η−13 + η−14 η13) +
1
2
µ3(−1)n(η16η−15 + η−16 η15)


























































































































































As mentioned previously, < i|T+|j > used in quantum field theory is connected to Clebsch-
Gordan coefficient < m′|J+|m > used in quantum mechanics by a similarity transformation V
< Ik, i|T+|Ik, j >=
∑
m,m′
< Ik, i|V †|Ik,m′ >< Ik,m′|V J+V †|Ik,m >< Ik,m|V |Ik, j > . (29)
When dealing with the single charged particles, the similarity transformation only changes the
sign of positive charged particles with an integer isospin; namely, we only need to do the following
transform
ηqk+1k → η′qk+1k ≡ V ηqk+1k = (−1)mod(2Ik,2)+1ηqk+1k , (30)
where qk in η
qk+1
k is defined as the the third component of isospin corresponding to the neutral par-



































10 ), the Lagrangian in Eq. (28) becomes





























































































〈φ˜0〉η+1 η−10 − 〈φ˜0〉η−1 η′+10
)
+ h.c.. (31)
















































































Comparing to the chargino sector in MSSM with ψ+Ti = (−iλ+, ψ1H2) and ψ−Tj = (−iλ−, ψ2H1),




, η+2 = ψ
1
H2
, η′+5 = −iλ+, η−5 = −iλ−,
g5v =
√
2mZ cosβ cos θW , g6v =
√
2mZ sinβ cos θW ,
µ4 = µ5 = 0, g7,8,9,10 = 0. (34)
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Note that the Lagrangian for single charged WIMP mass term with I = Y = 1/2 also need to
be modified as in Appendix A and the mass eigenstates of the neutral as well as single charged
particles in the 4-component notation are constructed in the Appendix B.
B. Dark Matter Annihilation
The DM particles are thought to be created thermally during the big bang, and froze out of
thermal equilibrium in the early universe with a relic density. The evolution of DM abundance is
described by the Boltzmann eqution:
dnχ
dt
+ 3Hnχ = −〈σannvMφl〉[nχnχ¯ − neqχ neqχ¯ ], (35)
where H ≡ a˙/a =
√
4pi3g∗(T )T 4/(45M2PL) is the Hubble parameter, MPL is the Plank mass,
g∗ is the total effective number of relativistic degrees of freedom [47, 48]. nχ(nχ¯) is the number
density of DM (antiDM) particles, and nχ¯ = nχ for Majorana fermions (that is, χ = χ¯) as
in this model. Eq. (35) is measured in the cosmic comoving frame [49] and 〈σannvMφl〉 is the
thermal averaged annihilation cross section times Mφller velocity which is defined by vMφl ≡√
(p1 · p2)2 −m21m22/(E1E2) =
√|v1 − v2|2 − |v1 × v2|2 with subscripts 1 and 2 labeling the two
initial DM particles and velocities vi ≡ pi/Ei(i = 1, 2). 3
The DM particles became non-relativistic when they froze out of thermal equilibrium in the
early universe. In this non-relativistic (NR) limit, σann(χχ → all)v = a + bv2 + O(v4) where
v ≡ vlab =
√
s(s− 4m2χ)/(s− 2m2χ) and the Mandelstam variable s = 2m2χ(1 + 1/
√
1− v2) in the
lab frame. The velocity averaged DM annihilation cross section via Maxwell velocity distribution
can be calculated [45] to be 〈σannv〉 = a+6b/x+O(1/x2) with the freeze-out temperature parameter
x ≡ mχ/T . At the freeze-out temperature, the interaction rate of DM particles is equal to the
expansion rate of universe, namely Γf ≡ neqχ 〈σannv〉 = H(Tf ). From this freeze-out condition, xf











where c is an order of unity parameter determined by matching the late-time and early-time in
the freeze-out criterion. We take the usual value c = 1/2 since the exact value of c is not so
significant to solve the numerical solution for xf due to the logarithmic dependence in Eq. (36).
Following the standard procedure [47] to solve Eq. (35), the relic CDM density ΩDM ≡ ρχ/ρcrit can
be approximately related to the velocity averaged annihilation cross section 〈σannv〉 as
ΩDMh






3 In general, the collision is not collinear in the comoving frame. Hence the Mφller velocity is not equal to
the relative velocity vrel ≡ |v1 − v2|. Nevertheless, it has been shown [49] that 〈σannvMφl〉 = 〈σannvlab〉lab
where vlab ≡ |v1,lab − v2,lab| is calculated in the lab frame with one of two initial particles being at rest.
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When doing the calculation of DM relic density, we need to consider three exceptions [50]:
coannihilation, forbidden channel annihilation, and annihilation near the pole. In this article, we
focus on the model building and mainly consider the annihilation processes. The leading effect on
coannihilation in this model will be discussed in Sec. IV. To solve the last two exceptions, we do
not take the Taylor series expansion on v2 in s-channel, and for each annihilation channel we put












1− v2 )− (mA +mB)
2]. (39)
In stead of a + 6b/xf , we replace with the above thermal averaged cross section with x = xf in
Eq. (36) and solve the value of xf numerically. Then we can get the DM relic density by modifying















1− v2 )− (mA +mB)
2]. (40)
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We will calculate the relic density in the early universe through the DM annihilation processes
(χχ → W+W−, ZZ, ZH, HH, ff¯). Fig. 1 shows the corresponding Feynman diagrams. The
corresponding Lagrangian and the matrix elements are shown in Appendices C and D, respectively,
and it is straightforward to obtain 〈σannv〉. Although the present DM relic density is determined
by the velocity averaged cross section 〈σannv〉 of DM annihilation processes which have been ceased
after the freeze-out stage in the cosmological scale, the DM annihilation to the SM particles would
still occur today in regions of high DM density and result in the indirect search for end products
as excesses relative to products from SM astrophysical processes. The results on 〈σannv〉 can be
readily applied to the indirect search processes by using a typical velocity v ' 300km/s (explained
in Sec. III).
As we know that in the nonrelativistic limit σannv = a + bv
2 + O(v4) where a is the s-wave
contribution at zero relative velocity and b contains contributions from both the s and p waves.
σannv is dominated by the s-wave term in indirect-detection calculations, while both s and p wave
terms becomes important when dealing with the calculation of DM relic density.
It will be useful to recall some qualitative properties of the DM annihilation amplitudes in
the channels of χχ→W+W−, ZZ, ZH, HH, ff¯ [13, 51]. Fermi statistics forces the two identical
Majorana fermions with orbital angular momentum L and total spin S to satisfy (−)S = (−)L. The
total angular momentum of the s-wave state is J = 0 and the CP is given by CP = (−1)L+1 = −1,
while the p-wave state has CP = +1 [see Eqs. (E31) and (E33)].
The final state W+W− can be produced via t-channel exchange of a single charged WIMP and
s-channel exchange of a Higgs scalar or a Z boson (see Fig. 1). The final state ZZ can be produced
via t-channel exchange of a neutral WIMP and s-channel exchange of a Higgs scalar (see Fig. 1).
Note that in the s-wave DM amplitude both gauge bosons in final state are transversely polarized
and governed via the t-channel exchange diagrams [13, 51]. Also note that a bino-like DM pair
does not contribute to the s-wave amplitude [51].
The DM particles can annihilate into ZH via t-channel exchange of a neutral WIMP and s-
channel exchange of a Z boson (see Fig. 1). The final state ZH in a L = 1 configuration can
match the angular momentum and the CP of the s-wave DM pair. Hence the s-wave amplitude is
allowed in this channel [13, 51].
The DM particles can annihilate into two Higgs bosons via t-channel exchange of a neutral
WIMP and s-channel exchange of a scalar Higgs (see Fig. 1). The s-wave scattering amplitude is
vanishing since two scalar can not be in a state with J = 0 and CP = −1 [13, 51].
The final state fermion-antifermion pair ff¯ can be produced via the s-channel exchange of a
Higgs scalar or a Z boson (see Fig. 1). The Z-exchange contributes to both the s and p wave
matrix elements with chiral conserving interactions [51]. The final state ff¯ has CP = (−)S+1.
The s-wave DM pair requires the total spin S = 0 in final state to conserve CP so that both
fermion and antifermion should have the same helicity. The Z-f -f¯ couplings implies the fermion
and the antifermion in opposite chirality and hence results in the helicity suppression of the s-wave
amplitude. The Higgs scalar exchange only contributes to p-wave matrix elements (since the CP of
Higgs boson is +1) with fermion mass factor. Hence the process χχ→ ff¯ favors a heavy fermion
pair [13, 51].
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C. DM-nucleus elastic scattering cross section
To compare with the results of LUX, XENON100, and PICO-60 experiments, we calculate the
SI and SD cross sections of DM scattering off 129,131Xe nuclei and the SD cross section of DM
scattering off CF3I nuclei. We shall obtain
∑|Mfi|2 at q2 = 0 first. In this model, the DM is
composed of Majorana fermions so that the DM vector current matrix elements are vanishing.
Hence the Lagrangian in this model is given by
L = χ¯γµγ5χjµAh + χ¯γµγ5χjµV h + χ¯χsh + χ¯γ5χs′h. (41)
where
sh = a
q q¯q, s′h = a
′q q¯q. jµV h = b






and aq, a′q, bq and dq are given in Appendix F. The corresponding scattering amplitude is















χ)γ5u(pχ, sχ)〈N (p′, s′)|s′h|N (p, s)〉. (43)
In the above, κχ = 2 for the Majorana fermions in this model and κχ = 1 for the Dirac fermions.










〈N (p′, s′)|OhX |N (p′, s′)〉〈N (p′, s′)|OhY |N (p, s)〉, (44)














χ)ν − gµν4m2χ + gµνq2 − qµqν
)
κ2χ. (46)












〈N (p′, s′)|sh(0)|N (p, s)〉〈N (p, s)|sh(0)|N (p′, s′)〉, (48)
and so on.
Note that q2 = 0 means q = 0 in all frames (see Appendix F). It is simpler to work in the
lab frame (the rest frame of N ). The matrix elements of scalar, vector and axial vector current
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operators with initial and final state nucleus at rest are given by
〈N (mN , s′)|sh(0)|N (mN , s)〉 = 2mN fsN δss′ ,
〈N (mN , s′)|s′h(0)|N (mN , s)〉 = 2mN f ′sN δss′ ,
〈N (mN , s′)|jV h,µ(0)|N (mN , s)〉 = 2g0µmN δss′QVN ,
〈N (mN , s′)|jµAh(0)|N (mN , s)〉 = 4gµi mNQAN 〈JN , s′|(~SN )i|JN , s〉, (49)
with
QVN = Z(2bu + bd) + (A− Z)(2bd + bu),































The derivation of the above formulae are given in Appendix F. Using




χ − gµνm2χ), χSS(q = 0) = 4m2χ,
χAS,µ = χAP,µ = χSP = 0, χPP (q = 0) = 0, (51)
with pχ = p
′







1− v2 , (52)
in the nucleus rest frame and∑
s,s′
〈JN , s′|(~SN )z|JN , s〉δss′ = 0,
∑
s,s′
〈JN , s|(~SN )z|JN , s′〉〈JN , s′|(~SN )z|JN , s〉 = 1
3
JN (JN + 1)(2JN + 1),∑
s,s′
〈JN , s|(~SN )i|JN , s′〉〈JN , s′|(~SN )i|JN , s〉 = JN (JN + 1)(2JN + 1), (53)
we obtain, ∑














Q2ANJN (JN + 1), (55)




































Several comments are in order: (i) Note that there is no interference between various interaction
terms in iMfi. (ii) In the nucleus rest frame and at q = 0, the matrix element of the space
component of the vector current is vanishing, while the one of the time component of the axial
vector current is also vanishing, see Eq. (F14). It seems that the matrix elements of jAχµ and jV h,µ
is orthogonal and hence the decay amplitude from the jAχµj
µ
V h contribution, i.e. χ
AA,µνWAAµν , is
vanishing. This is however untrue, since the rest frame of χ is not the rest frame of N . Although
the decay amplitude, see Eq. (56), is indeed suppressed by v [v = O(10−3)], it is enhanced by
QVN , which contains large factors such as Z and A. The contribution from this term needs to be
kept.
Usually the direct search experiments report the cross section normalized to the interaction
with a single nucleon (neutron/proton) since the target materials used in different direct search
experiments are not the same. The normalization procedure is shown in Appendix F, we summarize
























































Note that in the above formulas the form factors do not depends on aq, a′q, bq and dq in Eq. (41).
It is better than those usually used in literature, where dqs are involved in the form factors. The




















F 2j (|q|), (62)
with j = SI, pp, nn, pn and
F 2pp(nn)(|q|) ≡
S00(|q|) + S11(|q|)± S01(|q|)




S00(0)− S11(0) . (63)






















Case A Case B Case C
neutralino-like I neutralino-like II neutralino-like III neutralino-like IV Reduced Extended
GUT GUT No GUT No GUT
tanβ = 2 tanβ = 20 tanβ = 2
η1∼3,5 η1∼3,5 η1∼3,5 η1∼3,5 η1∼3 η1∼3,5,7∼10
TABLE II: Summary of three typical cases.




In parallel with the DM sector of MSSM [13, 28], we analyze the model with I = 1/2 and
Y = 1/2. In this model, there are 13 parameters in total, five mass parameters µi(i = 1 ∼ 5)
and eight Yukawa couplings gi(i = 3 ∼ 10), as shown in the mass matrices of neutral as well as
single charged WIMPs in Eq. (A4) and Eq. (A8), respectively. In principle the 13 parameters can
be reduced to fewer parameters under different considerations. First of all, let us see what is the
minimal particle content which can make up the DM. In this model the Majorana fermion can be
generated purely by the singlet η3, namely, only the mass parameter µ2 being nonzero. Due to
its quantum number (2I,−(Y − 1/2)) = (1, 0), it doe not couple to the SM gauge bosons. It also
does not couple to the SM Higgs boson since all Yakawa couplings are set to be zeros. Hence it
is inert and impossible to be a WIMP, unless some exotic Higgs boson is introduced [52]. Next
we consider the Majorana fermion generated by the two doublets η1 and η2, namely, only the
parameter µ1 being nonzero. Due to their quantum numbers (2I+1,∓Y ) = (2,∓1/2), they couple
to the SM gauge bosons, but still do not couple to the SM Higgs boson. As mentioned previously,
they are two degenerate Majorana states χ1,2 ∝ (η1± η2)/
√
2 with the same mass µ1. It results in
an oversized DM-nucleus scattering cross section via Z boson exchange from χ1(2) → χ2(1) vector
current. Nevertheless the problem can be solved if one can lift the mass degeneracy of χ1,2. Hence
the minimal particle content to make up the DM is to combine these fermion doublets η1, η2 and
the singlet η3.
To have an overall understanding of the model, we will consider the following three typical cases:
the neutralino-like, the reduced and the extended cases (see Table II). For the neutralino-like case,
only the parameters µ1∼3 and g3∼6 are nonzero and the Majorana DM is generated by η1,2,3 and the
triplet η5. It contains 4 neutral Majorana fermions and 2 single charged fermions. Furthermore,
depending on whether the grand unified theory (GUT) relation (µ2 =
5
3µ3 tan
2 θW ) [53] or the tanβ
relation (note that g3v =
√
2mZ cosβ sin θW , g4v =
√
2mZ sinβ sin θW , g5v =
√
2mZ cosβ cos θW
4 The terminology of spin-(in)dependent cross section is somewhat misleading. There are, in fact, two







2mZ sinβ cos θW ) is imposed or not, we classify the neutralino-like case into four
subcases: the neutralino-like I case with the GUT relation and tanβ = 2, the neutralino-like II
case with the GUT relation and tanβ = 20, the neutralino-like III without the GUT relation but
with tanβ = 2, and the neutralino-like IV case without the GUT and the tanβ relations.
For the reduced case, only the parameters µ1, µ2, g3 and g4 are free with the minimal particle
content (i.e., η1,2,3). It contains 3 neutral Majorana fermions and 1 single charged fermions. For
the extended case, all of 13 model parameters are free with the maximal particle content (i.e., all
η fields) and it contains 6 neutral Majorana fermions and 4 single charged fermions. In each case,
we generate 10,000 random samples and survey the DM mass mχ in the range of 1 ∼ 2500 GeV
by random sampling the mass couplings µi(i = 1 ∼ 5) linearly in the range of 0 ∼ 8000 GeV and
the Yukawa coupling gi(i = 3 ∼ 10) linearly in the range of 0 ∼ 1 if these parameters are active.
For each sample, we numerically solve the mass eigenstates and eigenvalues, find the freeze-out
temperature parameter xf [see Eq. (36)] and obtain the DM thermal relic density Ωχh
2 via the
calculations of DM annihilation processes χχ → W+W−, ZZ, ZH,HH, ff¯ to compare with the





of DM scattering off 129,131Xe nuclei to compare with the results of direct search experiments of
LUX SI and XENON100 SD elastic cross sections of DM scattering off 129,131Xe nuclei, respectively.
We also calculate σSDp for DM scattering off CF3I nuclei to compare with the result of PICO-60
experiment using CF3I as material target.
In calculation of σSIN , we adopt the exponential form factor [13, 24, 25] for FSI(|q|) and we use
the data in Ref. [54] for the nucleon parameters f
(p,n)
Tq in Eq. (50). In calculation of σ
SD
n,p , we adopt
the structure factors S00,01,11(|q|) for 129,131Xe nucleus in Ref. [55], and 19F and 127I (by Bonn A
calculation) nuclei in Ref. [56], and use the experimental data in Refs. [54, 57] for the quark spin
component in a nucleon∆p,nq . For 129,131Xe nuclei, we use the nuclear total angular momentum J
and the predicted spin expectation values 〈Sp,n〉 by Menendes et al . calculation in Refs. [20, 55]
for 〈Sp,n,z〉eff and the isotope abundance of 129,131Xe in Refs. [20] for ηi. For 19F and 127I nuclei, we
use the nuclear total angular momentum and the predicted spin expectation values in Refs. [58].
For simplicity, we only consider the case that the second lightest neutral particle χ2 is dynamically
forbidden to be produced from χ1 +
129Xe→ χ2 + 129Xe inelastic scattering process.
For indirect search, we calculate the present velocity averaged cross section 〈σ(χχ →
W+W−, ZZ, ZH,HH, ff¯)v〉 to compare with the Fermi-LAT results which provide six upper lim-
its on 〈σ(χχ → W+W−, bb¯, uu¯, τ+τ−, µ+µ−, e+e−)v〉 from a combined analysis of 15 dSphs in
indirect search [23]. As we know that the DM halo is immersed in the Galaxy. The speed of the
sun moving around the Galactic center is about 220 km/s at the local distance r ≈ 8.5 kpc and
the Galactic circular rotation speed is about 230 km/s at radii ≈ 100 kpc [13, 59]. On the other
hand, the shortest and longest distance of these 15 dSphs from the sun are ≈ 23 and 233 kpc,
respectively [23]. Hence we will use a typical DM velocity v ' 300 km/s in the indirect-detection
calculation.
Finally we collect all allowed samples which satisfy all these eleven constraints; namely, one
from the observed value of DM relic density, four from the direct detection of LUX, XENON100
and PICO-60 experiments and six from the indirect detection of Fermi-LAT observations such that
we can find the lower bound of DM mass with different particle attribute, the allowed range of the
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Case A Case B Case C
Percentage (%) neutralino-like I neutralino-like II neutralino-like III neutralino-like IV Reduced Extended
higgsino-like (∼ η1,2) 29 28 33 31 50 29
bino-like (∼ η3) 71 72 33 34 49 34
wino-like (∼ η5) 0 0 33 34 0 31
non neutralino-like (∼ η9,10) 0 0 0 0 0 5
mixed 0.4 0.3 0.6 1.2 0.8 1.3
TABLE III: Particle attribute distribution of sample sets.
model parameters as well as the coupling strengths in this model.
Before showing our results, we first define the different particle attribute, namely, higgsino-,
bino-, wino-, non neutralino-like particle if the main ingredient (composition fraction) ≥ 60% of a
sample is in the state of η1,2, η3, η5 and η9,10 and is denoted by H˜-, B˜-, W˜ -like and non neutralino-
like X˜ particle, respectively; otherwise, we call it a mixed particle. Let us first show the sample
structures from six sample sets in Table III. We see that less than 1.3% of the samples are the mixed
particles which can be ignored in each case. For the cases of neutralino-like I and II, the population
ratio of H˜-like to B˜-like particles is roughly about 3 to 7. Due to the GUT relation, the W˜ -like
particles do not appear in these two cases. For the cases of neutralino-like III and IV, now without
GUT relation, plenty of W˜ -like particles come out. In these two cases, H˜-, B˜-, W˜ -like particles are
roughly equally distributed. For the reduced case, it is about fifty-fifty equally distributed for H˜-
and B˜-like particles. For the extended case, it contains about 5% non neutralino-like X˜ particles
and is roughly equally distributed for H˜-, B˜- and W˜ -like particles. In the subsequent descriptions,
we will use ‘◦’, ‘×’, ‘4’, ‘’ and ‘•’ to denote the higgsino-, bino-, wino-, non neutralino-like
and the mixed particles, respectively. The contour plot of the DM mass and composition in the
µ1-µ3 plane for the neutralino-like case I is shown in Fig. 2. Note that the contour plot of the
neutralino mass and composition in MSSM [13] is successfully reproduced in Fig 2. Hence the
fermion multiplets η1, η2, η3, and η5 correspond to two doublets of higgsinos, a singlet of bino and
a triplet of winos in MSSM, respectively [recall Eq. (21)]. Nevertheless, the model does not contain
particles corresponding to the sfermions and the second higgs doublet in MSSM so that there does
not exist the annihilation channels into the extra scalar states and scattering diagrams mediated
by the extra scalars. On the other hand, the model do contain more Z2-odd fermion particles with
multiplets η7, η8, η9, and η10. Hence this generic Majorana DM model is still quite different from
the MSSM.
A. Case A: neutralino-like cases
Both the neutralino-like I and II cases contain 7 parameters, µ1∼3, g3∼6, which are subjected
to the GUT and the tanβ relations resulting in only two free parameters µ1 and µ2 (or µ3). The
neutralino-like III case is only subjected to the tanβ relation resulting in three free parameters
µ1∼3. Without the GUT and the tanβ relations, all of these 7 parameters in the neutralino-like IV
case are free. We first emphasize on the description of the interplay among these constraints with
the case of neutralino-like I using Figs. 3-5, and then tell the differences among these neutralino-like
























Contour plot of DM mass and composition with tanβ=2
FIG. 2: Contour plot of the DM mass and composition in the µ1-µ3 plane for the
neutralino-like I case. The broken curves are contours of DM mass mχ, and the solid
curves are contours of gaugino-like (η03 or η
0





2 θW has been used.
subsections. For neutralino-like I case, we show the scatter plot of Ωχh
2 versus mχ in Fig. 3(a).
The horizontal line denote the upper limit using the upper 3σ value of the observed relic density
Ωχh
2 = 0.1198± 0.0026. The samples sitting above the horizontal line are ruled out. We see that
most of the B˜-like particles are ruled out, while the H˜-like particles tending to have smaller values
in relic density with mχ > MW are safe. The Ω
obs
χ h
2 constraint is the most stringent constraint
since about 74% of samples are ruled out by this constraint. The results of DM-nucleon elastic
scattering cross sections comparing to the LUX σSIN , the XENON100 σ
SD
n,p and the PICO-60 σ
SD
p
constraints are shown in Fig. 3(b)-(e), respectively. Since the LUX constraint on σSI is the most
stringent one among these four constraints, we should concentrate on Fig. 3(b). We find that the
mixed and the H˜-like particles tend to have larger values in the DM-nucleon elastic scattering
cross section, while the B˜-like particles tend to have smaller values. The samples sitting below the
upper limit of the LUX SI-experiment [19] (solid curve) and above the line of neutrino background
(dashed curve) are allowed. We see that most of mixed particles, part of the H˜-like and a few of
B˜-like particles are ruled out by the LUX constraint so that about 96% of the samples are safe.
However, most B˜-like particles sitting between these two lines [see Fig 3(b)] have been ruled out by
the Ωobsχ h
2 constraint [see Fig 3(a)], and hence only 23% of the samples are survived. Furthermore
near 99% of the survived samples are H˜-like. It shows that the DM relic density and the direct
search constraints are complementary to each other.
To compare with the Fermi-LAT constraints, we show the scatter plots of 〈σ(χχ →
W+W−, bb¯, uu¯, τ+τ−, µ+µ−)v〉 versus mχ in Fig. 3(f)-(j), respectively. We do not show the plot
of 〈σ(χχ → e+e−)v〉 since it is highly helicity suppressed as mentioned in Sec. II-B. The samples
sitting above the Fermi-LAT constraints are ruled out. For W+W− channel [see Fig. 3(f)], a B˜-like
19
(a) Constraint on Ωobsχ (b) LUX constraint on σ
SI with NB limit
(c) XENON100 constraint on σSDn (d) XENON100 constraint on σ
SD
p
(e) PICO-60 constraint on σSDp (f) Fermi-LAT constraint on χ
0χ0 →W+W−
(g) Fermi-LAT constraint on χ0χ0 → bb¯ (h) Fermi-LAT constraint on χ0χ0 → uu¯
(i) Fermi-LAT constraint on χ0χ0 → τ+τ− (j) Fermi-LAT constraint on χ0χ0 → µ+µ−
FIG. 3: Results for all samples with constraints in the case of neutralino-like I
[◦: higgsino-like, ×: bino-like, •: mixed].
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(a)χ0χ0 → ZZ (b)χ0χ0 → ZH
(c)χ0χ0 → tt¯ (d)χ0χ0 → HH
FIG. 4: Scatter plots of 〈σZZ,ZH,tt¯,HH v〉 versus mχ in the case of neutralino-like I
[◦: higgsino-like , ×: bino-like, •: mixed].
DM pair do not contribute to the s-wave amplitude (also mentioned in Sec. II-B) so that all values
of 〈σannv〉 for the B˜-like particles are less than those values for the H˜-like and the mixed particles.
We also see that part of the H˜-like and the mixed particles are ruled out by this constraint so that
about 94% of samples are safe under this constraint. However, most B˜-like particles sitting below
the limit are ruled out by the Ωobsχ h
2 constraint and hence only about 20% of the samples are
survived. In Fig. 3(f)-(j), we see that, in general, the B˜-like particles tend to have smaller 〈σannv〉,
while the H˜-like and the mixed particles tend to have larger 〈σannv〉. Note that all the DM particles
annihilating into ff¯ with the final fermion mass less than MW have the similar resonance shapes
with peaks at mχ = mZ/2, and mH/2. For bb¯ and τ
+τ− channels, only a few DM candidates are
ruled out by these two constraints, and for other channels the constraints become less important
when the final fermion mass is less than mτ . Besides, we also give the scatter plots of velocity
averaged cross sections 〈σ(χχ → ZZ,HZ, tt¯,HH)v〉 versus mχ in Fig. 4. Similar to the case of
W+W− channel, the B˜-like particles do not contribute to the s-wave amplitude in ZZ channel
(mentioned in Sec. II-B) so that all the values of 〈σannv〉 for the B˜-like particles are less than those
values for the H˜-like particles in ZZ channel [see Fig. 4(a)]. In addition, the process χχ → HH
can only proceed from the p-wave. It results in that almost all values of 〈σannv〉 in HH channel
are less than those values in ZZ,ZH and tt¯ channels [see Fig. 4(a-d)]. Recall that the relic density
is proportional to the inverse of 〈σannv〉, while 〈σannv〉 is dominated by the W+W− channel for
mχ > MW and the bb¯ channel for mχ < MW . Therefore, the shape of the relic density in Fig. 3(a)
can be easily understood from Fig. 3(f) and (g). The interplay of different observables are useful
and instructive.


































































































































































































































































































































































































































































































































(e) PICO-60 constraint on σSDp
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(g) Fermi-LAT constraint on χ0χ0 → bb¯
◦◦◦ ◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦◦
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〈σ μ+ μ- v〉
(cm3 /s)
(j) Fermi-LAT constraint on χ0χ0 → µ+µ−
FIG. 5: Results for allowed samples satisfying all constraints in the neutralino-like I case
[◦: higgsino-like, ×: bino-like, •: mixed].
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These plots are the predictions of the neutralino-like I case. We will also redraw the plots of
Fig. 4 only with allowed samples later. We find that the direct detection of SI cross section
from DM scattering off nuclei and the indirect detection of velocity averaged cross section from
DM annihilating to W+W− are two more sensitive constraints as the allowed regions touch the
corresponding upper limits. It means that they are more accessible for DM searches in the near
future. Now it is interesting to see how these constraints shape the allowed range of DM mass
for a given particle attribute. In the following discussion, we will ignore the outlier samples with
DM mass near the peaks, namely, mχ ' MZ/2 and MH/2 in Fig. 5. For the B˜-like particles,
about 99% of them are ruled out by the DM relic density constraint. The LUX σSIN constraint is
complementary to the relic density constraint such that only the B˜-like particles with mχ & 1411
GeV could be DM candidates [see Fig. 3(b)]. All of the H˜-like particles with mass mχ .MW GeV
are ruled out by the DM relic density constraint, followed by Fermi-LAT 〈(σ(χχ→ bb¯)v〉 constraint
around mχ ∼MW . All the H˜-like particles with mχ > MW are not ruled out by the observed relic
density [see Figs. 3(a)], and all the H˜-like particles with MW < mχ . 456 GeV are ruled out by
Fermi-LAT 〈(σ(χχ→ W+W−)v〉 constraint [see Figs. 3(f)], while H˜-like particles with mχ & 456
GeV are still subject to the LUX σSIN constraint. Therefore without considering the outliers, the
allowed mass regions for the B˜-like and the H˜-like particles in Fig. 5 can be understood.
After explaining the interplay among these constraints in the case of neutralino-like I. Now we
turn to see the differences among these neutralino-like cases. The results of other three cases with
all samples are shown in Figs. 6-8. In these figures, we do not show the highly helicity suppressed
plots of 〈σuu¯v〉, 〈σµ+µ−v〉 and 〈σe+e−v〉. First of all, the W˜ -like particles do not appear in the cases
of neutralino-like I and II with different tanβ values (see Figs. 3 and 6). It is highly unlikely to
generate the W˜ -like particles with the GUT relation. 5 In contrast, without the GUT relation,
plenty of W˜ -like particles can be generated as in the cases of neutralino-like III, IV (see Figs. 7
and 8). For neutralino-like III case with a fixed tanβ, the W˜ -like particles tend to have smaller
values in Ωχh
2 and larger values in the cross section of DM scattering off nuclei and in the velocity
averaged cross section of DM annihilation to the SM particles than the B˜-like particles (see Fig. 7).
For neutralino-like IV case without fixing tanβ, only the W˜ -like particles with mχ & MW have
smaller values in Ωχh
2 and greater values in 〈σW+W−v〉 than the B˜-like particles (see Fig. 8). It is
originated from the fact that a B˜-like DM pair does not contribute to the s-wave amplitude.
Among the neutralino-like cases, we see that either “a higher tanβ value” (neutralino-like II,
Fig. 6) or “without the GUT relation” (MSSM like-III, IV, Figs. 7-8) gives a wider spread in each
scatter plot as comparing to Fig. 3. With the DM relic constraint, 99%, 99%, 98% and 60% of
B˜-like particles are ruled out in the neutralino-like I-IV cases, respectively. After considering all
constraints, less than 1% of B˜-like particles could be DM candidates for the cases of neutralino-like
I - III. However, for the neutralino-like IV case, without the GUT and the tanβ relations, it has
the widest spread in each scatter plot among the neutralino-like cases so that up to 23% of B˜-like
particles could be DM candidates. A closer look reveals that in the latter case, more B˜-like particles
5 It does not mean that the W˜ component is vanishing, but it is not the dominant composition of DM
particles in these cases.
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have lower values in DM relic density [see Fig. 8(a)]. Therefore, more B˜-like particles are allowed in
the neutralino-like IV case. On the other hand, with the LUX σSIN constraint, 79%, 67%, 61% and
51% of H˜-like particles are survived in neutralino-like I-IV cases, respectively [see Figs. 3,6-8(a)].
It means that in the case of either “ a higher tanβ” or “without the GUT relation”, more H˜-like
particles spread toward larger values in σSIN , namely, less H˜-like particles (relative to neutralino-like
I) can be allowed . After considering all constraints, 63%, 49%, 45% and 46% of H˜-like particles
are allowed in neutralino-like I-IV cases, respectively. As for the mixed particles, it can be ignored
since less than 0.1% of samples are allowed as the DM candidates in the neutralino-like cases.
The W˜ -like particles can only appear in the cases without the GUT relation (neutralino-like
III, IV, see Figs. 7 and 8). All the W˜ -like particles with mχ < MW are ruled out mainly by the
DM relic density constraint [see Figs. 7(a), 8(a)], followed by the Fermi-LAT constraint via the
DM annihilation to bb¯ channel around mχ ∼ MW [see Figs. 7(g), 8(g)]. All the W˜ -like particles
with mχ > MW are not ruled out by the observed relic density [see Figs. 7-8(a)], and all the
W˜ -like particles with MW < mχ . 1 TeV are ruled out by the Fermi-LAT constraint via the DM
annihilation to W+W− channel [see Figs. 7(f), 8(f)]. The remaining W˜ -like particles with mχ & 1
TeV are still subjected to the LUX, XENON100 and PICO-60 constraints [see Figs. 7-8(b-e)]. It
results in about 45% and 39% of W˜ -like particles allowed to be DM candidates in neutralino-like
III and IV cases, respectively, and the allowed W˜ -like particles are heavy (mχ & 1 TeV).
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(a) Constraint on Ωobsχ (b) LUX constraint on σ
SI with NB limit
(c) XENON100 constraint on σSDn (d) XENON100 constraint on σ
SD
p
(e) PICO-60 constraint on σSDp (f) Fermi-LAT constraint on χ
0χ0 →W+W−
(g) Fermi-LAT constraint on χ0χ0 → bb¯ (h) Fermi-LAT constraint on χ0χ0 → τ+τ−
FIG. 6: Results for all samples with constraints in the neutralino-like II case
[◦: higgsino-like, ×: bino-like, •: mixed].
In Figs. 9-11, we redraw the Figs. 6-8 with the allowed samples, respectively. As in the case
of neutralino-like I, we still see that the direct detection of σSIN and the indirect detection of
〈σ(χχ → W+W−)v〉 are more accessible for DM searches in the near future. Hence we focus on
these two and the relic density plots in these figures. Note that in the following discussion, we
jump over the allowed outlier samples.
We see that most of B˜-like particles are ruled out by the Ωχh
2 constraint [see Figs. 6-8 (a)],
followed by its complementary constraint of σSIN [see Figs. 6-8 (b)]. With the GUT relation, the
cases of neutralino-like I (tanβ = 2) and neutralino-like II (tanβ = 20) have similar results which
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(a) Constraint on Ωobsχ (b) LUX constraint on σ
SI with NB limit
(c) XENON100 constraint on σSDn (d) XENON100 constraint on σ
SD
p
(e) PICO-60 constraint on σSDp (f) Fermi-LAT conststraint on χ
0χ0 →W+W−
(g) Fermi-LAT conststraint on χ0χ0 → bb¯ (h) Fermi-LAT conststraint on χ0χ0 → τ+τ−
FIG. 7: Results for all samples with constraints in the case of neutralino-like III
[◦: higgsino-like, ×: bino-like, 4: wino-like, •: mixed].
only the B˜-like particle with mχ & 1411, 1258 GeV could be DM candidates, respectively (see
Fig. 5 and 9). Without the GUT relation, the mass of the allowed B˜-like particle can lower down
with mχ & 341, 288 GeV in the cases of neutralino-like III and IV, respectively (see Figs. 10 and
11). Less than 0.3%, 0.3% and 0.9% of B˜-like samples are allowed in the cases of neutralino-like I,
II and III, respectively. Without GUT relation, the allowed B˜-like samples become sparse in the
neutralino-like III case. Note that the allowed B˜-like particles only attach to the LUX limit, in
other words, the LUX limit is an active constraint and consequently only the experiments of SI
DM-nucleus scattering are accessible to the DM searches in the near future.
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(a) Constraint on Ωobsχ (b) LUX constraint on σ
SI with NB limit
(c) XENON100 constraint on σSDn (d) XENON100 constraint on σ
SD
p
(e) PICO-60 constraint on σSDp (f) Fermi-LAT conststraint on χ
0χ0 →W+W−
(g) Fermi-LAT conststraint on χ0χ0 → bb¯ (h) Fermi-LAT conststraint on χ0χ0 → τ+τ−
FIG. 8: Results for all samples with constraints in the case of neutralino-like IV
[◦: higgsino-like, ×: bino-like, 4: wino-like, •: mixed].
The H˜- and W˜ -like particles with mχ .MW are ruled out by the Ωχh2 constraint [see Figs. 6-8
(a)], followed by the 〈σ(χχ→ bb¯)v〉 constraint [see Figs. 6-8 (g)], while the H˜- and W˜ -like particles
with mχ & MW are mainly ruled out by the 〈σ(χχ → W+W−)v〉 [see Figs. 6-8 (f)] and the σSIN
constraints [see Figs. 6-8 (b)]. We see that the allowed lower mass bound of H˜-like DM candidates
is about 455 GeV for all the neutralino-like cases (see Figs. 9-11), namely, independent of the GUT
and the tanβ relations for the H˜-like particles, while the allowed lower mass bound of W˜ -like DM
candidates is about 1100 GeV, which is independent of the tanβ relation in the neutralino-like




























































































































































































































































































































































































































































































(e) PICO-60 constraint on σSDp
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(cm3 /s)
(h) Fermi-LAT constraint on χ0χ0 → τ+τ−
FIG. 9: Results for allowed samples satisfying all constraints in the neutralino-like II case
[◦: higgsino-like, ×: bino-like, •: mixed].
like DM candidates can be accessible in the direct search of σSIN as well as the indirect search of
〈σ(χχ → W+W−)v〉 in the near future. Therefore without considering the outlier samples, the
allowed mass regions for H˜-like, B˜-like and W˜ -like in Figs. 9-11 can be understood. On the other
hand, we find that the allowed H˜-like particles are highly pure, as 98%, 97%, 99% and 99.9% of
them are in the states of η1 or η2 with the composition fraction greater than 90% in the cases of
neutralino-like I - IV respectively. However, only 39%, 5%, 55% and 99% of the allowed B˜-like
particles are in the state of η3 with the composition fraction greater than 90% in the cases of
neutralino-like I - IV respectively. That is because either the GUT relation or the tanβ relation is
28
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(e) PICO-60 constraint on σSDp











〈σ W+ W- v
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〈σ τ+ τ- v〉
(cm3 /s)
(h) Fermi-LAT conststraint on χ0χ0 → τ+τ−
FIG. 10: Results allowed samples satisfying all constraints in the neutralino-like III case
[◦: higgsino-like, ×: bino-like, 4: wino-like, •: mixed].
imposed in the cases of neutralino-like I - III. As for the allowed W˜ -like particles, 99.9% and 99.5%
of them are in the state of η5 with the composition fraction greater than 90% in neutralino-like III
- IV, respectively.
B. Case B: Reduced case
For the reduced case, it contains a minimal particle content η1,2,3 (H˜- and B˜-like) with 4 free
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〈σ τ+ τ- v〉
(cm3 /s)
(h) Fermi-LAT conststraint on χ0χ0 → τ+τ−
FIG. 11: Results for allowed samples satisfying all constraints in the neutralino-like IV
case [◦: higgsino-like, ×: bino-like, 4: wino-like, •: mixed].
particles do not appear in this case. We show the results in Fig. 12 with all samples. As in the
neutralino-like cases, we show that all values of 〈σW+W−v〉 for the B˜-like particles should be less
than those values for the H˜-like and the mixed particles in Fig. 12(f) which is consistent with the
fact that a B˜-like DM pair does not contribute to s-wave scattering amplitude.
As in the neutralino-like cases, we do not show the highly helicity suppressed plots of 〈σuu¯v〉,
〈σµ+µ−v〉 and 〈σe+e−v〉. The reduced case contains more free parameters than the cases of
neutralino-like I, II and III, so that it can have a wider spread in each scatter plot than the
cases of neutralino-like I, II and III as the tanβ relations are not imposed. Therefore, although
30
most B˜-like samples are ruled out by the Ωχh
2 constraint, we can still have plenty of B˜-like particles
being allowed. As in the neutralino-like IV case, more B˜-like particles have lower values in Ωχh
2
and more H˜-like particles have larger values in σSIN [see Fig. 12(a,b)]. Consequently, more B˜-like
particles (relative to neutralino-like I, II and III) and less H˜-like particles (relative to neutralino-
like I) are allowed. We find that about 48% of H˜-like particles and 23% of B˜-like particles could
be DM candidates.
We redraw Fig. 12 in Fg. 13 but with the allowed samples only. As in the neutralino-like
cases, the direct detection of σSIN and the indirect detection of 〈σ(χχ → W+W−)v〉 are more
accessible for DM searches in the near future. Similarly, the B˜-like particles can be sensitively
detected only through the experiments of SI DM-nucleus scattering, while the H˜-like particles
can be sensitively detected through both the direct search in the SI experiments of DM-nucleus
scattering and the indirect search in the observation of DM annihilation to W+W− channel in the
near future. Comparing Figs. 5, 9-11 and 13, we see that this case is closer to the neutralino-like IV
case, but without W˜ -like particles. Despite of the fact that most of B˜-like particles are ruled out by
the Ωχh
2 constraint, and further by LUX σSI constraint, more allowed B˜-like particles can lower
down the allowed mass range of B˜-like particles from mχ & 1 TeV (as in the cases of neutralino-like
I and II without the GUT relation) to mχ ≥ 317 GeV. On the other hand, the H˜-like particles
with mχ . MW are ruled out by the relic density and the Fermi-LAT 〈σ(χχ→ bb¯)v〉 constraints,
while the H˜-like particles with mχ > MW are subjected to the Fermi-LAT 〈σ(χχ → W+W−)v〉
and the LUX σSIN constraints, so that only the H˜-like particles with mχ & 454 GeV could be the
DM candidates. We also find that the allowed H˜- and B˜-like particles are highly pure, as 99.9% of
both H˜- and B˜-like particles are in the states of η1,2 and η3, respectively, with their composition
fractions greater than 90%.
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(a) Constraint on Ωobsχ (b) LUX constraint on σ
SI with NB limit
(c) XENON100 constraint on σSDn (d) XENON100 constraint on σ
SD
p
(e) PICO-60 constraint on σSDp (f) Fermi-LAT conststraint on χ
0χ0 →W+W−
(g) Fermi-LAT conststraint on χ0χ0 → bb¯ (h) Fermi-LAT conststraint on χ0χ0 → τ+τ−
FIG. 12: Results for all samples with constraints in the reduced case
[◦: higgsino-like, ×: bino-like, •: mixed].
C. Case C: Extended case
For the extended case, it has a maximal particle content with η1∼3,5,7∼10. In addition to the
W˜ -like particles (∼ η5), the non neutralino-like X˜ particles (∼ η9,10)6 also appear in this case
and the latter contain about 5% of the samples. We show the results in Fig. 14 with all samples.
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〈σ τ+ τ- v〉
(cm3 /s)
(h) Fermi-LAT conststraint on χ0χ0 → τ+τ−
FIG. 13: Results for allowed samples satisfying all constraints in the reduced case
[◦: higgsino-like, ×: bino-like, •: mixed].
As in other cases, we do not present the highly helicity suppressed plots of 〈σuu¯v〉, 〈σµ+µ−v〉 and
〈σe+e−v〉, but we show that all values of 〈σW+W−v〉 for the B˜-like particles should be less than
those values for the H˜-like and the mixed particles in Fig. 14(f) which is consistent with the fact
that a B˜-like DM pair does not contribute to s-wave scattering amplitude. In this case, all model
parameters, µ1∼5 and g3∼6 are free (without the GUT and the tanβ relations) so that it has the
widest spread in each scatter plot among all cases. Without the GUT and the tanβ relations, more
B˜-like particles have lower values in Ωχh
2 and more H˜-like particles spread toward larger values
in σSIN . Consequently, more B˜-like particles (relative to neutralino-like I, II, III) and less H˜-like
33
particles (relative to neutralino-like I) are allowed. [see Fig. 14(a,b) ]. We find that 43% of H˜-like
particles and up to 22% of B˜-like particles could be DM candidates.
We redraw the Fig. 14 in Fg. 15, but with the allowed samples only. Similarly, we find that
B˜-like DM candidates are accessible only in the SI experiments of DM-nucleus scattering, while
all other types of DM candidates can be sensitively detected from both the direct search in the SI
experiments of DM-nucleus scattering and the indirect search in the observation of DM annihilation
to W+W− channel in the near future. Despite of the fact that most of B˜-like particles are ruled out
by the Ωχh
2 constraint, and further by LUX σSIN constraint, more allowed B˜-like DM candidates
can lower down the allowed mass range of B˜-like particles from mχ & 1 TeV (as in the cases with
GUT relation) to mχ & 300 GeV. The H˜-like particles with mχ . MW are ruled out by the relic
density and the Fermi-LAT 〈σ(χχ→ bb¯)v〉 constraints, while the H˜-like particles with mχ > MW
are subjected to the Fermi-LAT 〈σ(χχ→W+W−)v〉 and the LUX σSIN constraints, so that only the
H˜-like particles with mχ & 450 GeV could be the DM candidates. Similarly, the W˜ -like particles
and the non neutralino-like X˜ particles with mχ . MW are ruled out by the relic density and
the Fermi-LAT 〈σ(χχ → bb¯)v〉 constraints, while the W˜ -like particles and the non neutralino-like
X˜ particles with mχ > MW are subjected to the Fermi-LAT 〈σ(χχ → W+W−)v〉 and the LUX
σSIN constraints, so that only the W˜ -like particles and the non neutralino-like X˜ particles with
mχ & 1107, 738 GeV, respectively, could be the DM candidates. We also find that about 31%
of W˜ -like particles and 62% of non neutralino-like X˜ particles are allowed to be DM candidates.
Furthermore, we find that the allowed H˜-, B˜-, W˜ -like particles and the non neutralino-like X˜
particles are highly pure, as 99.5%, 99.2%, 99.5% and 95% of them are in the states of η1,2 ,η3, η5
and η9,10, respectively, with their composition fractions greater than 90%.
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(a) Constraint on Ωobsχ (b) LUX constraint on σ
SI with NB limit
(c) XENON100 constraint on σSDn (d) XENON100 constraint on σ
SD
p
(e) PICO-60 constraint on σSDp (f) Fermi-LAT constraint on χ
0χ0 →W+W−
(g) Fermi-LAT constraint on χ0χ0 → bb¯ (h) Fermi-LAT constraint on χ0χ0 → τ+τ−
FIG. 14: Results for all samples with constraints in the extended case [◦: higgsino-like,
×: bino-like, 4: wino-like, : non neutralino-like, •: mixed].
D. Summary and Predictions
In this subsection, we will summarize the previous discussion and give some predictions.
The allowed samples must satisfy all the constraints simultaneously, namely, the observed relic
density Ωobsχ h
2 constraint (below +3σ), the LUX constraint on σSIN , the XENON100 con-
straints on σSDn,p , PICO-60 constraint on σ
SD
p , and the Fermi-LAT constraints on 〈σ(χχ →
W+W−, bb¯, uu¯, τ+τ−, µ+µ−, e+e−)v〉. For all cases, we find that most of B˜-like particles are ruled
out by the Ωχh
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〈σ τ+ τ- v〉
(cm3 /s)
(h) Fermi-LAT constraint on χ0χ0 → τ+τ−
FIG. 15: Results for allowed samples satisfying all constraints in the extended case
[◦: higgsino-like, ×: bino-like, 4: wino-like, : non neutralino-like, •: mixed].
mχ .MW are ruled out by the relic density and the Fermi-LAT 〈σ(χχ→ bb¯)v〉 constraints, while
the H˜-like particles with mχ > MW are subjected to the Fermi-LAT 〈σ(χχ→W+W−)v〉 and the
LUX σSIN constraints. For all cases, all values in 〈σW+W−v〉 for the B˜-like particles are smaller
than those values for the H˜-like particles due to the fact that a B˜-like DM pair does not contribute
to s-wave scattering amplitude. Besides, the process of χχ → ff¯ favors heavy fermions since the
s-wave contribution is helicity suppressed. We see that the direct search of SI DM-nucleus elastic
scattering and the indirect search of DM annihilation to W+W− channel are more important. In
other words, they are sensitive to the DM searches in the near future.
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Without considering the outlier samples, we show the allowed mass range of different particle
attribute to detect DM in direct as well as indirect searches in Table IV. The upper values denote
the lower mass bounds to detect DM in the direct search of SI DM-nucleus scattering experiments
and the lower intervals denote the mass interval suitable to detect DM in the indirect search of DM
annihilation process via W+W− channel using the present limit and the projected limit, which is
taken to be one order of magnitude lower than the present one. We see that the DM mass should
be greater than 450, 288, 1090, 738 GeV to detect the H˜-, B˜-, W˜ -like DM particles, and the non
neutralino-like X˜ DM particles, respectively. Note that unlike the indirect case, we do not see the
upper mass bound to detect DM in the direct search in this analysis. In other words, future direct
searches can explore larger DM mass range than the indirect one.
The Fermi-LAT constraint on 〈σ(χχ → W+W−)v〉 is more useful than other Fermi-LAT con-
straints with light ff¯ in the final states. On the other hand, from the discussion of the properties
of DM annihilation processes χχ→W+W−, ZZ, ZH,HH, ff¯ in Sec. II-B, we know that only the
process of χχ → HH has no s-wave contribution and the process χχ → ff¯ favors heavy fermion
pairs. Hence it is also important to study DM annihilation to gauge boson and heavy quark pro-
cesses. In Fig. 16, we show our predictions on 〈σ(χχ → ZZ,ZH, tt¯)v〉 with the allowed samples.
Their values of 〈σv〉 can be as large as 10−26 cm3/s. It will be useful to search DM with these
processes.
In Table V, we summarize the distribution of allowed samples satisfying all constraints. The
two values in the parentheses of the table show the percentages (with regard to the whole sample)
of a specified particle attribute before and after being subjected to the constraints respectively.
For example, in the first row “H˜” and the first column “neutralino-like I case” of the table, we see
Case A Case B Case C





















































aThis value is originated from the limitation of our numerical analysis.
TABLE IV: Allowed mass ranges according to particle attribute to detect DM in the near
future. The upper values denote the lower mass bounds (in unit of GeV) to detect DM in
the direct search of SI DM-nucleus scattering experiments and the lower intervals denote
the mass interval (in unit of GeV) suitable to detect DM in the indirect search of DM
annihilation process via W+W− channel between the present limit and the projected limit
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Neutralino-like II Case
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Neutralino-like III Case












































































































































































































































































































































































































































































































































































































































































































































































































































































































FIG. 16: Predictions of 〈σZZ,ZH,tt¯ v〉 versus mχ for allowed DM candidates
[◦: higgsino-like, ×: bino-like, 4: wino-like, : non neutralino-like, •: mixed].
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Case A Case B Case C





















































TABLE V: Particle attribute distribution of the allowed DM candidates. The values in the
first row “H˜-like” and the first column “neutralino-like I” of the table mean that 29% of
the whole sample in neutralino-like I case are H˜-like and only 18% of the whole sample are
the allowed H˜-like particles, or equivalently, among the H˜-like particles, only 63% of them
are allowed.
that there are 29% of the whole sample in neutralino-like I case being H˜-like particles and only
18% of the whole sample being allowed H˜-like particles. Among the H˜-like particles, only 63% of
them survive under the constraints and this surviving rate is shown below the parenthesis. From
this table, we see that less H˜-like particles are allowed (relative to neutralino-like I) and less B˜-like
particles can survive in the cases with the tanβ relation (neutralino-like I - III). As mentioned
before, it is due to the fact that “a higher tanβ value” or “without the GUT relation” can give us
wider spreads in the scatter plots. It results in that more H˜-like particles spread into the prohibited
region in the σSIN scatter plot. On the other hand, with the tanβ relation, less B˜-like particles can
spread into the allowed region in the Ωχh
2 scatter plot.
As shown in the table, in the neutralino-like III, IV and the extended cases, we have plenty of
W˜ -like particles. The W˜ -particles with mχ .MW are ruled out by the relic density and the Fermi-
LAT 〈σ(χχ→ bb¯)v〉 constraints, while the W˜ -particles with mχ > MW are subjected to the Fermi-
LAT 〈σ(χχ → W+W−)v〉 constraint and the LUX σSIN constraint. The fewer relations on model
parameters give wider spread in the scatter plots of Ωχh
2, σSIN and 〈σ(χχ→W+W−), resulting in
lower surviving rates of W˜ -like DM candidates, namely, 45%, 39% and 31% in the neutralino-like
III, IV and the extended cases respectively. As for the non neutralino-like X˜ particles, 62% of
them could be DM candidates.
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Case A Case B Case C















































































































































































































TABLE VI: Allowed range for DM mass, model parameters and effective couplings.
The upper and lower intervals represent the allowed range for samples satisfying all the
constraints with Ωχh
2 in the criteria C1 ( ≤ +3σ) and C2 (within ±3σ) respectively.
Including the allowed outlier samples, we show the allowed ranges of DM mass, mass parameters
(µi), Yukawa couplings (gi) and the effective couplings (|aq/mq| and |dq|) used in the calculation
of DM scattering off 129,131Xe nuclei and CF3I nuclei in Table VI , and the allowed ranges for the
coupling strengths used in the calculation of DM annihilation processes in Table VII. In Table VII,















The allowed DM relic density should satisfy the condition: Ωχh
2 ≤ 0.1198+3×0.0026. We consider
two criterions: C1 having a less stringent constraint of the relic density with its value less than
+3σ, and C2 having a more stringent constraint of the relic density with its value within ±3σ,
respectively, from the observed mean value. In Table VI and VII, the upper and lower intervals
represent the allowed range for samples satisfying all the constraints with Ωχh
2 falling into the
criteria C1 and C2 respectively.
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Case A Case B Case C





































































































































































































































































TABLE VII: Allowed range for the coupling strengths. The upper and lower intervals
represent the allowed range for samples satisfying all the constraints with Ωχh
2 in the
criteria C1 ( ≤ +3σ) and C2 (within ±3σ) respectively.
IV. DISCUSSIONS AND CONCLUSIONS
A. Coannihilation
In addition to the annihilation, the coannihilation, namely, the annihilation from the other
WIMPs, may affect the DM relic density in some parameter region. The coannihilation becomes
significantly important when the WIMPs are nearly mass degenerate with DM [50]. In this subsec-
tion, we preliminarily explore the variation on the calculation of DM relic density when including
the coannihilation. To see the leading effect of coannihilation, we consider two lightest neutral as
41
FIG. 17: The coannihilation processes (χχ→ SM fermions) through s-channel
well as two single charged WIMPs annihilating to the SM fermions through the s-channel in the
neutralino-like I case. The corresponding Feynman diagrams and Lagrangian are shown in Fig. ??
and Appendix C, respectively. The matrix elements for coannihilation are shown in Appendix
H. The formulation for coannihilation is presented in Appendix G. To simplify the calculation of
coannihilation, we have set the freeze-out temperature parameter xf = 25.
Figs. 18(a), 18(b) show the scatter plots of relic density without and with coannihilation re-
spectively. We see that the Ωh2 constraint affects a little on the selection of the B˜-like particles,
but a lot on the selection of the H˜-like particles. Most H˜-like particles with mass less than MW
ruled out originally become allowed now, while part of H˜-like particles with mass greater than MW
allowed originally become ruled out now when including the leading effect of coannihilation.
(a) Without coannihilation (b) With coannihilation
FIG. 18: Scatter plots of DM relic abundance before and after considering coannihilation
in the neutralino-like I case [◦: higgsino-like, ×: bino-like, •: mixed].
To see the variation of DM relic density, we overlap the Figs. 18(a) (in ×) and 18(b) (in ◦) in
Fig. 19(a). We also show the variation of DM relic density versus the mass fraction ∆m2/mχ ≡
(Min[mχ02 ,mχ±1,2
] − mχ01)/mχ01 in Fig. 19(b). Let Ωnew and Ω denote the relic density with and
without considering the coannihilation respectively. Apart from a few samples around the poles,
we find that Ωnew ≥ Ω with mχ & mW , while Ωnew ≤ Ω with mχ . mW in Fig. 19(c). We also find
that the smaller mass fraction usually gives the greater value in Ωnew/Ω as shown in Fig. 19(d).
We show the relic density versus DM mass mχ and mass fraction ∆m2/mχ with allowed samples
42



























◦◦ ◦◦ ◦ ◦◦
◦
◦ ◦◦- -














(e) ◦ / ×: with/without coannihilation
⨯ ⨯ ⨯⨯⨯ ⨯ ⨯ ⨯⨯⨯ ⨯⨯⨯ ⨯⨯ ⨯⨯⨯
⨯





















⨯ ⨯⨯ ⨯⨯⨯◦ ◦ ◦◦◦ ◦ ◦ ◦◦ ◦◦◦ ◦◦ ◦◦◦◦◦ ◦ ◦◦ ◦
◦









◦◦ ◦◦ ◦◦◦ -














(f) ◦ / ×: with/without coannihilation


















FIG. 19: Leading effect of coannihilation on DM relic abundance at xf = 25 in the
neutralino-like I case
which satisfy all constraints in Figs. 19(e) and (f) respectively, and Figs. 19(g) and (h) for Ωnew/Ω.
In Figs. 19(e) and (f), the sample marked with “◦” are allowed when including the coannihilation,
and the sample marked with “×” correspond to the sample marked with “◦” but only considering
the annihilation.
In Figs. 20(a-d), we only show the allowed samples which the allowed regions touch the ex-
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(a) Constraint on Ωobsχ













(b) LUX constraint on σSI with NB limit
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(c) Fermi-LAT constraint on χ0χ0 →W+W−
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(d) Fermi-LAT constraint on χ0χ0 → bb¯
FIG. 20: Results for allowed samples satisfying all constraints in the neutralino-like I case
[◦: higgsino-like, ×: bino-like, •: mixed].
perimental upper limits, namely, in the plots of Ωχh
2, σSI , 〈σW+W−v〉 and 〈σbb¯v〉 versus DM
mass mχ, respectively. By comparing with plots in Fig. 5, we see that the H˜-like particles with
10 GeV . mχ . mW could be detected now through the direct search experiment of SI DM-
nucleus elastic scattering in the near future, while originally detectable H˜-like particles with mass
950 . mχ . 1680 GeV in the SI DM-nucleon scattering experiment can not be detected now when
considering the leading effect of coannihilation.
B. Conclusions
In this work, we construct a generic model of Majorana fermionic dark matter. Starting with
two Weyl spinor multiplets η1,2 ∼ (I,∓Y ) coupled to the standard model Higgs, six additional Weyl
spinor multiplets with (I ± 1/2,±(Y ± 1/2)) are needed in general. It has 13 parameters in total,
five mass parameters and eight Yukawa couplings. The DM sector of the minimal supersymmetric
standard model is a special case of the model with (I, Y ) = (1/2, 1/2). Therefore, this model can
be viewed as an extension of the neutralino DM sector . Nevertheless, this model does not have
sfermions and the second Higgs as in the MSSM, but have more Z2-odd fermions. We consider three
typical cases: the neutralino-like, the reduced and the extended cases. For the neutralino-like case,
we study four different scenarios (neutralino-like I-IV) according to whether the GUT relation on
mass parameters or the tanβ relation on the Yukawa couplings is imposed or not. For the reduced
case, it has the minimal particle content, while the extended case has the maximal particle content.
For each case, we generate 10000 samples from the parameter space and survey the DM mass in
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the range of (1, 2500) GeV. For each sample, we calculate the DM relic density Ωχh
2, the SI,
SD DM-nucleon elastic scattering cross sections for direct search and the velocity averaged cross
section of DM annihilation processes 〈σ(χχ → W+W−, ZZ, ZH,HH, ff¯)v〉 for indirect search.
We compare our results with eleven constraints from the observed DM relic density, the direct
search of LUX, XENON100 and PICO-60 experiments, and the indirect search of Fermi-LAT data,
respectively. We investigate the interplay of these three complementary searching strategies and tell
the differences among the cases. For each case, we find the allowed DM candidates satisfying all the
constraints, and obtain the lower mass bounds of finding the H˜-, B˜-, W˜ - and non neutralino-like DM
particles. We discuss the properties of DM annihilation processes χχ→W+W−, ZZ, ZH,HH, ff¯ .
We see that the processes of B˜-like particles annihilating to W+W− and ZZ do not have s-wave
contribution. The process χχ → ZH is allowed to have s-wave contribution, while the process
χχ → HH does not have s-wave contribution. We also see that the process of χχ → ff¯ have
a helicity suppressed s-wave contribution. We find that the H˜- and B˜-like particles appear in
all cases, plenty of W˜ -like particles can appear in the neutralino-like III, IV cases with the GUT
relation relaxed and in the extended case. The non-MSSM like X˜ particle can only appear in the
extended case. We find that most of B˜-like particles are ruled out by the Ωχh
2 constraint, and
further by the LUX constraint; the H˜-, W˜ -like particles and the non neutralino-like X˜ particles
with mχ .MW are ruled out by the Ωχh2 and the Fermi-LAT 〈σ(χχ→ bb¯)v〉 constraints, while the
H˜, W˜ -like particles and the non neutralino-like X˜ particles with mχ > MW are constrained by the
Fermi-LAT 〈σ(χχ → W+W−)v〉 and the LUX σSI bounds. We note that in general the allowed
H˜-, W˜ -like particles and the non neutralino-like X˜ particles are highly pure with composition
fraction ≥ 90%. It is also true for B˜-like particles in the cases without GUT and tanβ relations.
When without considering the coannihilation, we find the lower mass bounds to detect DM in
the SI DM-nucleus scattering experiments, and the suitable mass ranges to detect DM in the DM
annihilation to W+W− channel using the present limit and the projected limit (taken to be one
order of magnitude lower than the present one). Apart from the outlier samples, the masses for
finding the H˜-, B˜-, W˜ -like DM particles and the non neutralino-like X˜ DM particles are given.
The H˜-like particles can be detected with DM mass & 450 GeV in all cases. The B˜-like particles
can be detected with mass & 1258 GeV in the cases of neutralino-like I and II. On the other hand,
the lower mass bound of B˜ can be lower down to 341 GeV to detect them for other cases. The
W˜ -like particles can be detected with DM mass & 1120 GeV in the neutralino-like III, IV and
the extended cases. Of course, the non neutralino-like particles X˜ can only be detected with DM
mass & 738 GeV in the extended case. We also give the predictions on 〈σ(χχ→ ZZ,ZH, tt¯)v〉 in
the indirect search. The most rewarding way to find the DM particles in this model in the near
future is from the direct search of SI DM-nucleus scattering experiments and/or from the indirect
search of DM annihilation processes via W+W−, ZZ, ZH, tt¯ channels. We also investigate the
leading effect of coannihilation in the neutralino-like I case. The change is that the H˜-like particles
with 10 GeV . mχ . mW can also be detected through the direct search of SI DM-nucleus
scattering experiment in the near future, while H˜-like particles with mass 950 . mχ . 1680 GeV
now become undetectable. The study of the generic Majorana fermion DM model can be further
extended. The whole calculation of coannihilation is worthy of being probed further. The non-
perturbative Sommerfeld effect also has not been implemented. These studies will be presented
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elsewhere. This work concentrates on (I, Y ) = (1/2, 1/2), but the formalism is generic and can be
used to study with arbitrary quantum numbers.
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Appendix A: Neutral and Charged WIMP Masses with I = Y = 1/2
For I = Y = 12 , η7 and η8 are singlets with charge ∓1, in other words, η17 and η−18 are absent.
The Lagrangian for neutral WIMP mass term is modified as














































































































10 + h.c.. (A1)
It can be simplified as

































































10 + h.c.. (A2)
















Ψ0TYΨ0 + h.c., (A3)
where the corresponding mass matrix Y takes the form

















0 µ3 0 0
0 g9v 0 0 0 µ5




For I = Y = 12 , the Lagrangian for single charged WIMP mass term is modified as
































































10 + h.c.. (A5)


















9), the above Lagrangian
becomes











5 )− µ4η′+8 η−7 + µ5η′+10η−9
+g5
√
2〈φ˜0〉η+2 η−5 + g6
√
2〈φ0〉η−1 η′+5 − g7〈φ0〉η+2 η−7
−g8〈φ˜0〉η−1 η′+8 − g9〈φ0〉η+2 η−9 + g10〈φ˜0〉η−1 η′+10 + h.c.. (A6)




























Appendix B: Mass Eigenstates for the Neutral and Charged WIMPs







In the above, qk is defined as the third component of isospin of ηk as mentioned in the text. For












10 ), qi = (1/2,−1/2, 0, 0, 1,−1). The












so that M0D ≡ N∗Y N † is a diagonal matrix with nonnegative entries mχ0k . Hence the mass term















































9), qi = (1/2, 0, 1, 1), the 4-component mass eigenstates can be obtained by doing






















so that M±D ≡ U∗XV † is a diagonal matrix with nonnegative entries mχ+k . Hence the mass term


















Appendix C: Lagrangian for WIMPs interacting with SM particles
The Lagrangian for WIMPs interacting with the SM gauge bosons in 4-component notation
can be derived from the following gauge invariance terms with 2-component notation[28] using the
generic Lagrangian in Eq.(12) and Appendices A and B:
− (gT aijV aµ + g′yiδijV ′µ)ψ¯iσ¯µψj . (C1)
In the following, we just write down the results.
For I = Y = 1/2, the Lagrangian of the W-boson interaction with the neutral and single charged




















































0 0 0 0
1 0 0 0









, T 0−kl =

1 0 0 0
0 0 0 0































ij = −OLZ∗ij . (C6)
On the other hand, OLZ11 = O
LZ∗
11 . Hence the Lagrangian for the stable dark matter annihilation


















































0 0 0 0
0 g9 0 0 0 0
g10 0 0 0 0 0

. (C10)
For coannihilation, we need the Lagrangian of the Z-boson interaction with the single charged
WIMPs



























U∗i1Uj1 − U∗i2Uj2 + δij sin2 θW . (C12)
We also need the Lagrangian of the Higgs-boson interaction with the single charged WIMPs



























0 −g6 g8√2 −
g10√
2







 and hRlk = hLkl. (C15)
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The dark matter can annihilate into W+W− via the t-channel exchange of a single charged



















1k PR)(6p3−6p1 +mχ+k )














k1 PR)(6p4−6p1 +mχ+k )









−6∗(p4)(p4 · ∗(p3))+ 6∗(p3)(p3 · ∗(p4))],












The dark matter can annihilate into H0H0 via the s-channel exchange of a H0 scalar and the
t-change exchange of a neutral WIMP corresponding to the following matrix element:
M(χ01χ
0
1 → H0H0) = 2M1a +M2a +M2b +M2c +M2d, (D3)
where












































































The dark matter can annihilate into Z0Z0 via the t-channel exchange of a neutral WIMP and
the s-channel exchange of a H0 scalar corresponding to the following matrix element:
M(χ01χ
0
1 → Z0Z0) = M1a +M1b +M1c +M1d + 4M2a, (D5)
where










×γν(OLZk1 PL +ORZk1 PR)u(p2)]∗µ(p3)∗ν(p4),










×γµ(OLZ1k PL +ORZ1k PR)u(p2)]∗µ(p3)∗ν(p4),










×γµ(OLZk1 PL +ORZk1 PR)u(p2)]∗µ(p3)∗ν(p4),

























The dark matter can annihilate into H0Z0 via the t-channel exchange of a neutral WIMP and
s-channel exchange of a Z0 boson corresponding to the following matrix element:
M(χ01χ
0
























×(OLZ1k PL +ORZ1k PR)γµu(p2)]∗µ(p3),













The dark matter can annihilate into ff¯ via the s-channel exchange of a Z0 boson or a H0 scalar
corresponding to the following matrix element:
M(χ01χ
0



























3L −Qf sin2 θW , and gfA = −12T f3L.
Appendix E: CP symmetry
Before transforming the gauge eigenstates to mass eigenstates, all parameters in the Lagrangian
are assumed to be real in this model. The Lagrangian is CP conserved. After field redefinition,
some parameters become purely imaginary. The Lagrangian should still be CP conserved. We
explicitly show this and a useful application in below.
The CP transformation of a four component field is given by
CPχi(x)P†C† = ρCP,χiγ0χci (x˜) = ρCP,χiγ0Cχ¯Ti (x˜), (E1)
with the phase ρCP,χi for χi, x˜
µ ≡ xµ and C = iγ2γ0. For a Majorana field we have χci = ρM,χiχi,
where ρM,χi is a phase. Eq. (E1) implies that ρCP,χiρM,χi is purely imaginary [60]. This can be seen
by using v(~p, s) = Cu¯T (~p, s), u(~p, s) = Cv¯T (~p, s), γ0u(~p, s) = u(−~p,−s), γ0v(~p, s) = −v(~p,−s),















CPb†i (~p, s)(CP)† = ρ∗CP,χiρ∗M,χib†i (−~p,−s) = −ρCP,χiρM,χib†i (−~p,−s). (E4)
Hence the phase ρCP,χiρM,χi is purely imaginary.





In the above, the superscript in ηj here denotes the charge in stead of the third component of
isospin, and N is a unitary matrix satisfying
N∗Y N∗T = M0D, (E6)
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where M0D is a diagonal matrix with nonnegative entries. Note in the case one obtains a negative
mass in the first place, the negative sign in front of the mass mi can be absorbed in Nij with Nij
being purely imaginary in the corresponding i-row.



































i so that ρM,χi = ρM,ψi = 1.

















We now assume that ψ0i has common ρCP,ψ for all i. Therefore, we have
CPψ0i (x)P†C† = ρCP,ψγ0ψ0i (x˜). (E10)
For the case of real Nij for some i, we now have




We obtain for the real Nij case:
ρCP,χi = ρCP,ψ. (E12)
If for some i, Nij are imaginary, i.e. N
∗

















= Nij(−γ5)ψ0i = Nij(PLψ0i − PRψ0i ). (E13)




i is the key to absorb the minus of the mass term,
which consists of left-handed and right-handed field at the same time. The CP transformation of
χ0i is
CPχ0i (x)P†C† = Nij(−γ5)CPψ0i (x)P†C†
= ρCP,ψ(−γ5)γ0Nijψ0i (x˜)
= −ρCP,ψγ0χ0i (x˜). (E14)
We obtain for the imaginary Nij case:
ρCP,χi = −ρCP,ψ. (E15)
Consider a hermitian operator O(x):












ij ), aij =
g
4 cos θW







ij = −OLZ∗ij .
Under CP transformation the operator transforms as
































In the case both χ0i and χ
0
j contain only real (or imaginary) Nik, Njr, Eq. (E20) gives
v∗ij = vij , a
∗
ij = aij , (E21)










Hence O is CP conserved.
In the case that χ0i is with a real Nik, but χ
0
j is with a imaginary Njr, Eq. (E20) gives
v∗ij = −vij , a∗ij = −aij . (E23)
and Eqs. (E12) and (E15) give











The operator O is CP conserved as expected.
In the center of mass frame of two Majorana particles, which are in a definite angular momentum
configuration, the state is given by






fJzm(~p)Sm(sz, s′z)b†(~p, sz)b†(−~p, s′z)|0〉, (E26)
where
fJzm(~p) ≡ 〈L,M,S,m|L, S; J, Jz〉YLM (pˆ)R(|~p|), (E27)
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with 〈L,M,S,m|L, S; J, Jz〉 is the Clebsch-Gordan coefficient and R(|~p|) the radial wave function.
Note that it is easier to use spin instead of helicity basis here. For the spin wave function, we have
Sm(sz, s′z) = (−1)S+1Sm(s′z, sz). (E28)
The spherical harmonic wave function has the following property:
YLM (−pˆ) = (−1)LYLM (pˆ). (E29)
Note that
b†(~p, sz)b†(−~p, s′z)|0〉 = −b†(−~p, s′z)b†(~p, sz)|0〉, (E30)
the above relations of χm and YLM lead to
(−)L+S = 1. (E31)
Since
CPb†(~p, sz)b†(−~p, s′z)|0〉 = −b†(−~p, sz)b†(~p, s′z)|0〉, (E32)
where we use the fact that the phase ρCPρM is purely imaginary, we have






fJzm(~p)Sm(sz, s′z)b†(−~p, sz)b†(~p, s′z)|0〉
= (−)L+1|2S+1LJ , Jz〉, (E33)
where we have made use of fJzm(−~p) = (−)LfJzm(~p). Note that for a ff¯ pair, similar argument
leads to CP|2S+1LJ , Jz〉 = (−)S+1|2S+1LJ , Jz〉.
As CP is a good quantum number, it can can be used as a selection rule in dark matter
annihilation processes, when the initial state has a specific L (and S) configuration.
Appendix F: Formulae for DM-nucleus elastic scattering cross section
The derivation of the DM-nucleus elastic scattering cross section in the literature are scattered
and usually with different approximations, normalizations and notations. It will be useful to
rederive the formulas here.
1. Kinematics
We consider the elastic scattering of
χ(pχ) +N (p)→ χ(p′χ) +N (p′). (F1)
We define
q ≡ p′ − p = pχ − p′χ, P ≡ p+ p′, Pχ ≡ pχ + p′χ,
S ≡ (p(′) + p(′)χ )2 = m2N +m2χ + 2p(′) · p(′)χ . (F2)
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In particular, we have
q2 = 2m2N − 2p · p′ = 2m2χ − 2pχ · p′χ, (F3)
and, in the center of mass frame,
q2 = (E′ − E)2 − (|~p′cm|2 + |~pcm|2 − 2~p′cm · ~pcm) = 2|~pcm|2(cos θ − 1). (F4)
When q2 = 0, we must have |~pcm| = 0 or cos θ = 1. In either case, it gives q = 0. Therefore, in
elastic scattering, q2 = 0 implies q = 0 in the center of mass frame and in all other frames.
In the lab frame p = (mN ,~0) and pχ = (mχ +mχv2/2,mχ~v). We obtain













The center of mass velocity in the lab frame is mχ~v/(mN + mχ). Boost the frame by
−mχ~v/(mN +mχ), we obtain the velocity of p and pχ at the center of mass frame as −mχ~v/(mN +
mχ) and ~vmN /(mN +mχ), respectively. Hence, we have
|~pcm| = µN v, (F7)
and q2 = 2µ2N v
2(cos θ − 1).
2. Effective Lagrangian for Direct Searches
In this model, we have scalar-scalar, psudo scalar-scalar, axial-axial and axial-vector interactions
for direct searches. The process of DM-nucleus scattering is non-relativistic so that we can use
the effective Lagrangian which can be derived from the Lagrangian in Appendix C to calculate the
related SI and SD cross sections. We just give the results as below. The effective Lagrangian for







































q = −2i( g
MW
)2OLZ11 gV (F11)
with gA = −12T q3L and gV = 12T q3L − sin2 θWQq.
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3. Vector, axial vector current, scalar and pseudoscalar matrix elements in the
q = 0 limit
Using parity transformation, one see that the matrix elements of vector (jV h), axial vector cur-
rent (jAh), scalar (sh) and pseudoscalar (ph) matrix elements should satisfy the following relations,
〈N (p′, s′)|jV (A)h,µ(x)|N (p, s)〉 = 〈N (p′, s′)|P †PjV (A)h,µ(x)P †P |N (p, s)〉
= ±η∗P ηP 〈N (p˜′, s′)|jµV (A)h(x˜)|N (p˜, s)〉
= ±〈N (p˜′, s′)|jµV (A)h(x˜)|N (p˜, s)〉,
〈N (p′, s′)|sh(ph)(x)|N (p, s)〉 = ±〈N (p˜′, s′)|sh(ph)(x˜)|N (p˜, s)〉, (F12)
where p˜µ, x˜µ ≡ pµ, xµ, ηs are phases and s, s′ are spin (Sz) quantum numbers.
From Eq. (F12) it is clear that in the case of p = p′ and in the momentum rest frame,
p = (mN ,~0), we have
〈N (mN , s′)|jV (A)h,µ(0)|N (mN , s)〉 = ±〈N (mN , s′)|jµV (A)h(0)|N (mN , s)〉, (F13)
which gives
〈N (mN , s′)|jV h,i(0)|N (mN , s)〉 = 0, 〈N (mN , s′)|jAh,0(0)|N (mN , s)〉 = 0. (F14)
These imply that 〈N (p′, s′)|jV h,i(x)|N (p, s)〉 and 〈N (p′, s′)|jAh,0(x)|N (p, s)〉 are suppressed in the
non relativistic limit: p ' p′ ' (mN ,~0).
We consider the vector current case first. From the first equation of Eq. (F14), we obtain
〈N (mN , s′)|jV h,µ(0)|N (mN , s)〉 = (2mN δs′sFN (0),~0), (F15)
where FN is the form factor and the δss′ factor is obtained as jV h,0 is a singlet under rotation. We
can write it in a covariant form:
〈N (p, s′)|jV h,µ(0)|N (p, s)〉 = 2pµFN (0)δs′s. (F16)
In the case of non-vanishing but small q, we have
〈N (p′, s′)|jµ(x)|N (p, s)〉 ' (pµ + p′µ)FN (q2)δs,s′ exp[i(p′ − p) · x]. (F17)
Now we want to find FN (0). From Q ≡
∫
d3xjV h,0(0, ~x), we have∫
d3x〈N (p′, s′)|jV h,0(x)|N (p, s)〉 = (p0 + p′0)FV h(q2)δs,s′
∫
d3x exp[i(p′ − p) · x] + · · · , (F18)
giving
〈N (p′, s′)|Q|N (p, s)〉 = (E + E′)δs,s′FN (q2) exp[i(E′ − E)t](2pi)3δ3(~p− ~p′). (F19)
Therefore, we have
QN 〈N (p′, s′)|N (p, s)〉 = FN (0)δs,s′(2pi)32Eδ3(~p− ~p′), (F20)
which implies
FN (0) = QN , (F21)
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and, hence, for vector current matrix elements in q = 0 case and the p(′) rest frame is
〈N (mN , s′)|jV h,0(0)|N (mN , s)〉 = 2mN δss′F (0) = 2mN δss′QVN ,
〈N (mN , s′)|jV h,i(0)|N (mN , s)〉 = 0. (F22)




dd¯γµd+ · · · , (F23)
it can be proved, by using isospin invariant, that
QV p = 2b
u + bd ≡ fV p, QV n = bu + 2bd ≡ fV n. (F24)
Hence, the corresponding charge is
QVN = ZQV p + (A− Z)QV n = Z(2bu + bd) + (A− Z)(bu + 2bd). (F25)
We now turn to the axial vector case. We start from
〈N (p′, s′)|jiAq(0)|N (p, s)〉 = 〈N (p′, s′)|q¯γiγ5q(0)|N (p, s)〉




' 2〈N (p′, s′)|q¯
~Σ
2
q(0)|N (p, s)〉, (F26)
where the non-relativistic approximation is used in the last line and note that the operator is spin
density in quark degree of freedom. Changing the degree of freedom from quark to nucleon, as one




q(0)|N (p, s)〉 = 〈N (p′, s′)|(∆pq p¯
~Σ
2




≡ 〈N (p′, s′)|(∆pq~sp(0) + ∆nq~sn(0))|N (p, s)〉, (F27)
where ∆qp(n) is the quark spin proportion in a proton (neutron).
Note that spin operators Sp,n,N are related to ~sp,n,N by
~Sp,n,N =
∫
d3x~sp,n,N (0, ~x). (F28)
We consider the non relativistic case, p ' (mN ,~0), q ' 0,
〈N (p, s′)|~sp,n,N (x)|N (p, s)〉 ' 2mN 〈JN , s′|~Sp,n,N |JN , s〉 exp(iq · x). (F29)
From Wigner-Eckart theorem, as the rotational properties of the above matrix element is well
understood and are identical to that of the matrix element of any vector operator. Explicitly, from
the Wigner-Eckart theorem, we have
〈JN , s′|(~Sp,n)m|JN , s〉 = 〈JN 1; sm|JN 1; JN s′〉〈JN ||Sp,n||JN 〉,
〈JN , s′|(~SN )m|JN , s〉 = 〈JN 1; sm|JN 1; JN s′〉〈JN ||SN ||JN 〉, (F30)
with (~Sp,n,N )m=0,±1 = (~Sp,n,N )z,∓[(~Sp,n,N )x ± i(~Sp,n,N )y]/
√
2. Since the double line matrix ele-
ments are independent s, s′ (with m = s′ − s), so does the ratio
〈JN , s′|(~Sp,n)m|JN , s〉
〈JN , s′|(~SN )m|JN , s〉
=
〈JN ||Sp,n||JN 〉
〈JN ||SN ||JN 〉 ≡ λp,n. (F31)
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Consequently, its value can be obtained by taking a convenient choice of s, s′ as s = s′ = JN and
m = 0. In other words, we have
〈JN , s′|~Sp,n|JN , s〉 = λp,n〈JN , s′|~SN |JN , s〉, (F32)
with
λp,n =
〈JN , s = JN |(Sp,n)z|JN , s = JN 〉




When the contributions of the two body current are included, one needs to change 〈Sp,n〉 in λp,n
into effective 〈Sp,n〉eff , where we have




and δa1 is the fraction contributing to the isovector coupling [55]. We use the predicted spin
expectation values in Ref. [20, 55] for the calculation. Putting everything together in the q = 0
limit and the p(′) rest frame, we obtain
〈N (mN , s′)|jiAq(0)|N (mN , s)〉 = 4m(∆pqλp + ∆nqλn)〈JN , s′|(~SN )i|JN , s〉,
〈N (mN , s′)|j0Aq(0)|N (mN , s)〉 = 0, (F35)
where Eq. (F14) has been used. These results will be useful later.
Similarly, from Eq. (F12), we have
〈N (mN , s′)|sh(0)|N (mN , s)〉 = 2mN fsN δss′ ,
〈N (mN , s′)|ph(0)|N (mN , s)〉 = 0, (F36)
where sh = a
q q¯q. Using (no sum on q)








1−∑q=u,d,s f (p)Tq ) , q = c, b, t. (F37)
In the above, the matrix elements of the light-quark currents in the proton or neutron are obtained
in chiral perturbation theory from measurements of the pion-nucleon sigma term [61–63]. The heavy
quark contribution to the mass of the nucleon through the triangle diagram [64]. Consequently,
we have
























These matrix elements at q = 0 are used in Eq. (50) in Sec. II C to obtain the DM-nucleus scattering
differential cross section at q2 = 0.
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4. Total cross section σ and σ0
Using the standard formula, we find that the differential cross section in the center of mass
















|Mfi(q2 = 0)|2, (F39)
where µN is the reduced mass of mχ and mN . The explicit expression of Mfi is given in Eq. (58).
It is useful to define σ0 as [13]
σ0 ≡
∣∣∣∣dσ(q2 = 0)d|q|2
∣∣∣∣ ∫ 4µ2N v2
0
d|q|2. (F40)
Recall that we have |q|2 = −q2 = 2µN v2(1− cos θ) and, consequently, the Jacobian d|q|2/d cos θ =
−2µ2N v2 is a constant. The quantity σ0 can now be expressed as
σ0 =
∣∣∣∣dσ(q2 = 0)d cos θ







|Mfi(q2 = 0)|2. (F41)























The generic form of SI cross section σ0 of DM scattering off the nucleus A with the i
th isotope
























1− v2 and CS = 16κ
2
χ. (F45)




























For the nucleus with atomic mass number Ai and isotope abundance ηi, we define a scaled cross









































σZ0,N → σSI0,p = σSI0,n. (F51)
Data obtained from different experiments can be compared using σZN defined in Eq. (F47). Note
that even if the isospin limit is not satisfied, we can still normalize σSIA to σ
Z
N as in Eq. (F47) and
compare it to the experimental result by taking σZN as some sort of scaled cross section, but losing
the generality among different experiments.









































Now return to the generic case, but observe that in the case the proton (neutron) contribution
dominates the interaction (|dq∆qp(n)|  |dq∆qn(p)|), we have
σSD0,Ai →
4µ2Aj 〈Sp,n〉2eff(JAj + 1)
3µ2p,nJAj
σSD0,p(n). (F54)




























so that F 2SD(0) = 1, (F57)
where
SA(0) =
(2J + 1)(J + 1)
piJ
[ap〈Sp〉eff + an〈Sn〉eff ]. (F58)
The axial-vector structure function SA(|q|) can be written in terms of its isoscalar/isovector (0/1)
structure factors S00(|q|), S01(|q|) and S11(|q|) as follows [55]
SA(|q|) = a20S00(|q|) + a0a1S01(|q|) + a21S11(|q|), (F59)
where the isoscalar and isovector couplings in this model are given by





(∆pq ±∆nq ). (F60)
In fact, the form factor can be defined as
F 2SD(|q|) ≡
(dq∆pq)2〈Sp〉2effF 2pp(|q|) + 2dqdq
′
∆pq∆nq′〈Sp〉eff〈Sn〉effF 2pn(|q|) + (dq∆nq )2〈Sn〉2effF 2nn(|q|)
(dq∆pq)2〈Sp〉2effF 2pp(0) + 2dqdq′∆pq∆nq′〈Sp〉eff〈Sn〉effF 2pn(0) + (dq∆nq )2〈Sn〉2effF 2nn(0)
=
(dq∆pq)2〈Sp〉2effF 2pp(|q|) + 2dqdq
′
∆pq∆nq′〈Sp〉eff〈Sn〉effF 2pn(|q|) + (dq∆nq )2〈Sn〉2effF 2nn(|q|)





S00(|q|) + S11(|q|)± S01(|q|)




S00(0)− S11(0) . (F62)
Using the following relations
S00(0) + S11(0)± S01(0) = (2JAi + 1)(JAi + 1)
piJAi
〈Sp,n〉2eff ,
S00(0)− S11(0) = (2JAi + 1)(JAi + 1)
piJAi
〈Sp〉eff〈Sn〉eff , (F63)
which the former is derived from Eq. (F58) and the latter is from (F59), we recover the usual
expression,
F 2SD(|q|) =
a20S00((|q|) + a1a0S01((|q|) + a21S11((|q|)








(∆pq ±∆nq ). (F64)




















Although FSD(|q|) gives a compact expression for the relation between σSD and σSD0 , it is not
universal as it depends on the coupling dq; nevertheless, F 2pp,nn,pn(|q|) do not depend on the coupling
dq. We will give another expression in below.












































































F 2j (|q|), (F69)
with j = SI, pp, nn, pn.




































































Appendix G: Coannihilation formulation
It has been mentioned [50] that coannihilation becomes significantly important if the mass
splitting δm ' Tf between the dark matter particle χ01 and one of the other WIMPs in this generic
model. Let χ1 be the dark matter and χi(i = 1, 2, ..., N) be the WIMPs having the masses with
mi < mj for i < j and the internal degree of freedom gi. Let ni denote the number density of χi.
We only need to consider the total number density n =
∑N
i=1 ni since all WIMPs χi will eventually
decay to the dark matter χ1. With the assumption ni/n ≈ neqi /neq before and after freeze-out, we
have the following Boltzmann equation [50] :
dn
dt
+ 3Hn = − < σeffvMφl > (n2 − n2eq), (G1)
where < σeffvMφl >=
∑N
i,j=1 σij(χiχj → XX ′)rirjvij . The X and X ′ denote the SM particles and
the ri is the ratio of n
eq
i /n
eq. Let the mass fraction be ∆i ≡ (mi−m1)/m1 so that ri can be given
by
ri ≡ neqi /neq =
gi(1 + ∆i)
3/2 exp(−x∆i)∑N
i=1 gi(1 + ∆i)
3/2 exp(−x∆i)




Here we only consider the leading effect, namely, we only consider the effect of the WIMPs, χ02
and χ±1,2, with two SM particles in the final states through the s-channel interaction. Similarly, we
do not take the Taylor series expansion on v2 in s-channel and put a step function for the allowed
threshold energy for each interaction channel in the non-relativistic thermal averaged cross section
as follows:















×[σ(χiχ¯j → A+B)v]θ[m2i +m2j +
2mimj√
1− v2 − (mA +mB)
2]. (G3)
In the above, xij =
µij
µ11
x and µij is the reduced mass of χi and χj . From the freeze-out condition,











The relic density now becomes
ΩDMh













Note that the σeff is not only the function of v, but also a function of x in coannilation.
Appendix H: Matrix elements for WIMP coannihilation
In this article, we only consider the leading effect of coannihilation with the first two lightest




k → q¯′q, l+ν
The neutral WIMP χ0j and the single charged WIMP χ
+
k can annihilate into SM fermions
through the s-channel exchange of a W+ boson corresponding to the following matrix element:
M(χ0jχ
+


















×[v¯j(p1)γµ(OLW−jk PL +ORW−jk PR)uk(p2)][u¯(p4)γνPLv(p3)]. (H2)
2. χ0kχ
−
j → q′q¯, l−ν¯
Similarly, the neutral WIMP χ0k and the single charged WIMP χ
−
j can annihilate into SM
fermions via the s-channel exchange of a W− boson corresponding to the following matrix element:
M(χ0kχ
−






















The neutral WIMPs χ0j and χ
0
k can annihilate into ff¯ through the s-channel exchange of a Z
0
boson or a H0 scalar corresponding to the following matrix element:
M(χ0jχ
0
k → ff¯) = M1a +M1b + 2M2a, (H5)
where








×[vj(p1)γα[(OLZjk PL +ORZjk )PR)uk(p2)][u¯(p3)γν(gfV + gfAγ5)v(p4)],























The single charged WIMPs χ−j and χ
+
k can annihilate into ff¯ through the s-channel exchange
of a Z0 boson, a A0 boson, or a H0 scalar corresponding to the following matrix element:
M(χ−j χ
+
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